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Contact materials composed of Ag and W have been used in circuit breakers and other
electrical switching systems for decades due to their excellent properties. A series of standard
acceptance tests have been established by Underwriters’ Laboratories Inc. (UL) to ensure that
circuit breakers meet certain criteria for performance and safety. These standard testes include:
overload/temperature-rise, endurance and short-circuit conditions. In this dissertation a study on
the microstructures of Ag/W contacts from 120 V, 30 A residential circuit breakers using a
combination of X-ray diffraction and imaging, diffraction and X-ray spectrometry techniques in
scanning and transmission electron microscopes. Data from fresh contacts and assembled
breakers were used to define the initial structure of the contact surfaces. Data from UL-tested
breakers were used to reveal the microstructural characteristics and to deduce the degradation
mechanisms during each type of test. A similar approach was also adopted to investigate the
effects of natural aging and accelerated aging in dry and humid environments on the structure
and degradation mechanisms for this type of contacts.
The pair of contacts constitutes nearly 50% of the total cost of a circuit breaker, and there
would be significant economic benefits if the current contact materials could be replaced with
less expensive alloys without compromising the performance. Alloys composed of Ag3Sn and
Cu3Sn intermetallic phases could be promising candidate for circuit breaker contact materials

Haibo Yu - University of Connecticut, 2017
with good electrical properties, mechanical performances, oxidation and corrosion resistance.
Fundamental physical metallurgy studies were conducted to provide a more comprehensive
understanding of the structure-property relationships for the candidate alloys. Results from
solidification microstructures revealed the phase equilibria for the Ag3Sn/Cu3Sn alloys. Studies
on the defect structures in Ag3Sn/Cu3Sn alloys and Ag3Sn single crystals suggested different
deformation mechanisms operating in these iso-structural phases. The consequences of these
observations for the qualifications of the candidate Ag3Sn/Cu3Sn alloy for use in circuit breaker
contacts will be discussed.
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Chapter 1: Introduction
Materials for electrical contacts used in circuit breakers and other electrical switching
devices have to meet a stringent set of property requirements including: excellent thermal and
electrical conductivity, corrosion resistance, arc erosion resistance, wear resistance and welding
resistance [1-3]. In most cases, no simple metallic alloy can provide the required combination of
properties, and metal-matrix composites must be used instead. The metallic matrix phase in such
composites is usually a conductive metal (e.g., Ag or Cu) to provide the necessary thermal and
electrical properties. The most common reinforcements are refractory materials (e.g., W, WC or
Mo) to inhibit contact erosion and tack welding [4-7]. These composites have a variety of
applications in electrical switching systems and exhibit different characteristics in terms of
oxidation, arc erosion, contact resistance and so on [8-13].
Ag/W contact materials have been used in circuit breakers and other electrical switching
systems for decades due to their combination of excellent thermal and electrical conductivity
from the Ag matrix, and good arc erosion, wear, and tack welding resistances from the W
reinforcement [1-4,6,8,14]. During circuit breaker operation, there is inevitably surface erosion
and degradation of the contacts due to interactions between the electric arc, the contact materials,
and the ambient environment (mainly O2 and H2O). With repeated service cycling in ambient air,
oxide phases tend to form at the Ag/W contact surfaces leading to increased contact resistance
and overheating under load [1,8,10,15-19]. Under short-circuit conditions, severe arcing occurs
and here again degradation of the contact surface is observed [11,20,21].
In North American markets, the performance of standalone circuit breaker is often
evaluated using a set of standardized acceptance tests as described in the standards document
UL489 [22]. These tests are intended to represent more extreme conditions than those that the
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circuit breakers would normally experience during service. Thus, breakers that routinely pass
these tests are deemed to have met certain minimum standards for performance and safety.
Circuit breakers that are intended for use in residential applications are typically subjected to
three standard UL tests designated as overload/temperature-rise, endurance, and short-circuit.
In this dissertation, the structure and properties of Ag/W contacts used in low-voltage
circuit breakers for domestic applications were investigated. Special attentions were given into
the microstructures of the as-manufactured Ag/W contacts from the contact surfaces, the interior
regions to the braze joints, and the contacts subjected to some standard quality control tests (e.g.
UL tests) and various aging treatments. The objective of these studies is to develop a basic
understanding of the relationships between the structure, processing, properties and performance
in the current generation of Ag/W circuit breaker contacts. There are still significant gaps in the
community’s understanding of these relationships, although the current industry Ag-based
contact materials have been developed empirically over decades. This study will help to fill the
gaps and to define the criteria that any new contact materials must meet. This will then serve as a
reference point for broader research efforts into the development of alternate metallic
formulations that might replace the expensive Ag in the circuit breakers.
Based on the findings of the Ag/W contacts, new candidate Ag3Sn/Cu3Sn alloys were
proposed for use in circuit breakers. Some fundamental physical metallurgy studies were
conducted related to the solidification microstructures, defect structures and deformation
mechanisms of the Ag3Sn/Cu3Sn alloys. The qualifications of these candidate alloys for use in
circuit breakers will then be discussed based on these studies.
This dissertation is structured as follows. Chapter 2 gives a general literature review of
the previous studies related to electrical circuit breakers, Ag/W circuit breaker contact materials,
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and Ag3Sn/Cu3Sn intermetallic alloys. In Chapter 3, the details of the materials used in this study
including Ag/W circuit breaker contacts and Ag3Sn/Cu3Sn alloys are given. Meanwhile, the
specimen preparation methods and the materials characterization techniques for this study are
introduced. Chapter 4 and 5 contain the results, discussion and summary obtained from the
Ag/W circuit breaker contacts and Ag3Sn/Cu3Sn alloys, respectively. In Chapter 6, the general
conclusions from this research work are given and some recommendations for future further
studies are provided.

3

Chapter 2: Literature Review
2.1 Electrical Circuit Breakers
Electrical circuit breakers are automatically operated current switching designs that aim
to protect the electrical circuit from damage caused by overload or short circuit, and they are
defined according to the American National Standards Institute (ANSI) [23] as: “A mechanical
device capable of making, carrying and breaking currents under normal circuit conditions and
also making, carrying for a specific time and breaking currents under specified abnormal circuit
conditions such as those of short circuit.” There are different types of circuit breakers existing in
the domestic and industrial applications, and they can be classified using various criteria [24,25].
For example, circuit breakers can be specified as low voltage circuit breakers and high voltage
circuit breakers in terms of the applied voltage levels [26-30]; high voltage circuit breakers
usually can be classified as indoor and outdoor installations based on the installation locations
[25,29-32]; outdoor circuit breakers can also be divided into the dead tank and live tank type
circuit breakers related to the external physical structural designs [24,30,33]; and circuit breakers
can be identified as air-, oil-, vacuum- and sulfurhexafluoride- (SF6) circuit breakers [32,34-40]
according to the types of the interrupting media.
Circuit breakers utilized in residential applications are usually low voltage circuit
breakers that interrupt the current in air at atmospheric pressure. In most cases, these circuit
breakers are comprised of critical components, such as molded case or frame, contacts, operating
mechanism, trip units, and arc extinguishers [41]. The heart of a circuit breaker is the pair of
contacts, usually including a movable contact and a fixed contact. The contact pairs are the most
important components in circuit breakers, in terms of carrying the current flow at the closing
position of the contacts during normal operations and interrupting the current flow by opening of
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the contacts during short-circuit or overload conditions [24,28,32,42]. Another important feature
of the contacts is the price of the components; in many cases the contacts constitute about half of
the total price of the circuit breaker assembly because the contact materials usually contain a
good portion of expensive silver [3,15,43,44].
In this section, a review of the previous studies about electrical circuit breakers is
presented. Information about the electric arcs in circuit breakers, property requirements of
contact materials for circuit breakers, currently used contact materials in circuit breakers, and
standardized testing for circuit breakers is introduced.

2.1.1 Electric Arcs in Circuit Breakers
Electric arcs in circuit breakers occur during opening of the current carrying contacts,
especially in the short-circuit situation where an extremely high current flows [45-47]. Electric
arcs are most commonly observed in air between the separated contacts at atmospheric
conditions, while they are actually also observed in a variety of gases and metal vapors, and even
in vacuum environments [30,37,42,48-52]. When an electric arc forms the current will not be
interrupted immediately but continues to flow through the circuit breakers even though the
contact are physically separated. To ensure the safety of the electrical system under short-circuit
or overload conditions, the circuit breaker is supposed to provide appropriate electric arc
extinction approaches to achieve quick and safe current interruption. There exist different arc
extinction techniques, such as lengthening the arc, cooling the arc, splitting the arc, zero current
quenching, and so on [25,53-55]. Electric arcs can induce sufficiently high temperature to
vaporize and dissociate solid, liquid and gaseous matters [56]. The temperature of the arc column
can reach about 6000 ˚C when subjected to natural air-cooling, while it can even go up higher
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than 20,000 ˚C under forced cooling conditions since the reduced arc diameter causes an increase
in the current density of the plasma [24].
It was proposed and later verified that the electric arc is comprised of two stages, the
metallic phase arc and the gaseous phase arc, where the transition from the metallic phase to the
gaseous phase occurs dynamically [57-59]. The schematic of the stages of the arc for a breaking
operation [60] is shown in Figure 2.1. Since the contact surfaces of the electrical contacts are not
perfectly flat, the contact region that carries the current flow is confined to microscopic points or
a single point, as shown in Figure 2.1(a). The existing surface electrical properties are therefore
affected due to the additional constriction resistance [1,42]. Resistive heating arises in response
to this current constriction, causing the local melting of the electrode near the constriction region.
When it comes to the further separation of the contacts, a molten bridge is formed due to the
pulling of the molten materials, as shown in Figure 2.1(b). The molten bridge will shrink in
diameter if the separation continues, resulting in the increase of the constriction resistance and
therefore the increase of the contact voltage. Once the temperature exceeds the boiling points of
the electrode materials, the molten bridges will boil until rupture and explosion. Starting from
here, the metal vapor fills the gap between the electrical contacts, as seen in Figure 2.1(c). The
cathode behaves as a thermionic emitter and a field electron emitter [61,62], and then serves as
an arc root. Emitted electrons are accelerated from the cathode by the electrical field, and the
ionization of the metal gas and electron avalanches occur during the passage of the electrons due
to the inelastic collisions. Figure 2.1(d) shows the last stage of the breaking arcs. At this stage,
the arc column is filled with diffusion of ambient gas and continuous deposition of metal ions.
When the atmosphere gas becomes the main medium for the arc, the gas will be ionized under
the applied high voltage. The gas ions then become the dominant arcing medium, and the arc
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transforms from the metallic phase to the gaseous phase. This transition process from metallic to
gaseous phase is usually affected by a variety of factors, such as contact materials, circuit
inductance, current, contact opening profile, and so on [42, 63]. As the separation between the
electrodes becomes larger, the arc will quench and terminate at the end of separation.
The arc voltages corresponding to the different stages of the breaking arc [64] are shown
in Figure 2.2. The top figure shows a typical arcing current and voltage waveform, in which a
jump in voltage is noticed at the time of contact separation [8,45,65]. The expanded voltage
curve corresponding to this jump is presented in the bottom figure. A voltage increase is seen
during the formation of the molten metal bridge, as discussed previously. When it comes to the
bridge ignition voltage Vign, the bridge will boil and explode to form the metallic phase. There is
a slight drop in the voltage to Vmin, followed by an increase to a plateau voltage Va that
corresponds to the metallic arc voltage. This is the anodic arc stage where material transfer from
the anode to the cathode is expected. The plateau corresponds to the cathodic arc stage where the
material transfer occurs from the cathode to the anode. After that, there is a transition from the
metallic phase to the gaseous phase.
Materials transfer between the electrodes are inevitable during arcing, and the process
can be affected by different factors, such as contact materials, operation conditions and
surrounding gas environments [42,66-70]. The different forms of material transfer [64] are
illustrated in Figure 2.3. In summary, materials can transfer directly between the anode and
cathode by aid of, for instance, the molten metal bridge [71-73]. The electric field can result in
deposition of metal ions onto the cathode and negatively charged ions onto the anode, therefore
there is the deposition of materials onto the contacts [64,74]. Besides, there may also be
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materials loss to the surrounding environments either due to the deposition of gas phases on the
case walls or the ejection of the molten droplets [74].
The arc behaviors have been extensively investigated not only by experimental means but
also by computational modeling which is now becoming an effective approach to complement
those experimental studies. Many studies simulated the arcing phenomena during contact
opening by employing numerical analyses with the consideration of the mass, momentum and
energy conversion equations along with electromagnetic equations [75-80]. Wu et al. [65,75] set
up a magnetohydrodynamic arc model to investigate the arc plasma behavior with the contact
opening process in a low-voltage switching device. The arc motion was revealed in detail by the
temperature distribution [65], as shown in Figure 2.4, under the given external magnetic field
and the contact rotating velocity. At the beginning of the opening operation, a short arc was
generated within the contact region. With the motion of the upper contact which is the movable
contact, the arc starts to migrate and the temperature begins to increase. At t = 0.824 ms, the arc
temperature around the moving tip has reached up to several thousand degrees. At t = 1.664 ms,
the arc column becomes elongated and expanded. Starting from t = 1.784 ms to t = 1.904 ms, the
arc column moves away from the contact region and the temperature gradually drops due to the
decrease of the arc current. At t = 2.024 ms, an arc root starts to form on the upper contact and
moves away from the original position due to the gas flow effects at the following stages. It is
noted that the cathode and anode may have different arcing behaviors, and the arcing
mechanisms may also be different, which is affected by different factors, such as contact
materials, the arcing media, and experimental conditions [24,25,81]. The arc root mobility of the
cathode and anode can be coupled and uncoupled under different circumstances [82].

8

2.1.2 Electrical Circuit Breaker Contact Materials Requirements
Circuit breakers are switching devices that are able to interrupt fault currents even in the
short-circuit situation where an extremely high current is expected [24,31,32,45-47]. There are
some general basic characteristics of electrical circuit breakers, for example [25]: they are good
conductors to minimize energy losses during normal operation and to reduce the risks of heat
generation and temperature-rise during overload or short-circuit conditions; they are good
insulators in the open position to withstand high overvoltages across the open contacts; they
should have good resistance to erosion caused by repeated electrical arcing along with switching
operations under current load; they must withstand the extensive mechanical wear during a large
number of switching operations with or without current; and they should be able to act quickly
when tripped in order to protect the electrical system from damage caused by short-circuit.
The above-mentioned characteristics of electrical circuit breakers require that the contact
materials meet certain criteria so that circuit breakers can perform effectively to protect the
electrical systems and the safety of property and humans. Listed below are some critical
requirements that the contact materials for circuit breakers must fulfill [14,24,25,50,83,84]:
1. High electrical conductivity to minimize the power losses during continuous
operation;
2. Low contact resistance to avoid excessive localized temperature-rise at the contact
surface;
3. High thermal conductivity to minimize the temperature-rise of the contacts and to
achieve rapid cooling of the contact surfaces after interruption of the current;
4. Good mechanical strength to withstand the impact forces during closing of the
contacts;
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5. Good wear resistance to minimize the mechanical erosion effects;
6. Low tendency to welding (e.g. diffusion welding [83,85], percussion welding [86],
and resistance welding [83]) and low weld-break forces to facilitate the opening of
the contacts easily;
7. Good arc erosion resistance;
8. Good corrosion resistance to facilitate the use in various environments;
9. Good current interruption performance;
It is noted that the above mentioned criteria may not be a full list of the desired properties
for use in circuit breakers, since the intention here is to highlight the common critical
requirements for the various types of circuit breakers. There is no doubt that no pure elements
can fulfill all of these requirements. In reality, the contact materials used in circuit breakers are
the result of a compromise between the desired properties and the limitations of the materials.

2.1.3 Contact Materials for Electrical Circuit Breakers
Contact materials for electrical circuit breakers have to meet a stringent set of property
requirements as discussed in Section 2.1.2. In most cases, there is no simple metallic alloy that
can fulfill all of the property requirements, and metal-matrix composites must be used instead.
The most common composites are a combination of a conductive metal (e.g., Ag or Cu) and
refractory materials (e.g., W, WC or Mo). The conductive metal will provide the necessary
thermal and electrical properties, while the refractory materials inhibit the contact erosion and
tack welding [1-7]. These composites have various applications in the electrical switching
systems, and behave differently with distinct advantages and drawbacks related to the arc
erosion, oxidation, contact welding and so on [42,83].
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Ag/W contacts have excellent arc erosion [8] and contact wear performance [14], and
they are used where arcing and mechanical wear is anticipated, such as in switchgears and lowvoltage regulators [12,42,87]. The main drawback is the formation of tungsten oxides and/or
silver-tungstate on the contact surface under repeated switching, which may cause a significant
increase of the contact resistance, thereby resulting in contact overheating in service
[9,10,21,16]. Ag/WC contacts exhibit a higher resistance to contact welding and better arc
erosion properties at high currents than Ag/W contacts [9,11,88]. These Ag/WC contacts can be
used in similar applications to Ag/W, however they are commonly applied in situations where
there are severe restrictions on contact heat rise. Ag/Mo contacts have excellent contact
resistance stability since the molybdenum oxides that form at the surface are less thermally stable
than tungsten oxides and are readily removed by the electrical arc during switching [89].
Contacts based on Ag/Mo are commonly applied in high-voltage device protection switches.
Since copper costs less but exhibits poor corrosion resistance, contacts based on Cu/W and
Cu/WC can be used as low-cost alternatives to Ag-based materials in non-oxidizing conditions
such as in vacuum, oil- or inert gas-filled devices [12,13,90].
Besides the Ag- or Cu-refractory contact materials, there exist some other silver-based
materials that have already been used or under development for circuit breakers or other
electrical switching systems. For example, some silver alloys (e.g., Ag-Ni, Ag-Cu, Ag-Cu-Ni,
Ag-Mg-Ni, Ag-Pd [12,42]) produced by either casting or powder metallurgy approaches, can be
used to make contact rivets and contact tips for low current switching systems; Ag-SnO2 based
contact materials manufactured by powder metallurgy methods can be utilized in automotive
switches, relays, and power interrupters, due to low contact resistance, high contact welding
resistance, and good arc moving properties [91-93]; Ag-ZnO based contacts materials have high
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welding and arc erosion resistance and can be economic alternatives to Ag-SnO2 based contact
materials in switching applications [94,95]; Ag-CdO contact materials manufactured either by
internally oxidized melt metallurgy or powder metallurgy approaches have various applications
in switching devices due to the good arc-erosion resistance and weld resistance properties
[42,95,96]; Ag-C contact materials have important applications in circuit breakers, protective
switches and fault current interrupters due to the extremely high contact welding resistance,
although these materials have poor arc erosion resistance and brazing performances [46,97-99].

2.1.4 Standardized Testing for Electrical Circuit Breakers
Several organizations, such as the American National Standards Institute (ANSI),
Underwriters Laboratories Inc. (UL) and the International Electrotechnical Commission (IEC),
have established a number of standardized acceptance tests to evaluate the performances of
electrical circuit breakers. The designed circuit breakers have to meet the requirements and pass
these standard tests, before they can be put into commercial service. These standards are usually
different related to the location and the type of applications, and there is no existing common
standard test that can serve for all power switching systems [100-104].
In the North America market, the most common standard tests for the performance
evaluation of electrical circuit breakers are those designed by UL and ANSI [100,102]. These
tests detail the specific construction and testing requirements for circuit breakers to provide
necessary protection with little or no maintenance. For different types of circuit breakers, there
exist different test designations. For example, the UL 489 Standard is designed for the molded
case circuit breakers; the ANSI Standard 37 is used for low-voltage power circuit breakers, while
UL incorporated this standard into the UL 1066 that is now an updated standard for low-voltage
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circuit breakers [102,103,105,106]. Both standards require the same basic tests including
dielectric, calibration, overload, temperature, endurance and short circuit, however, the test
parameters are different from each other in some respects, particularly in terms of power factor,
number of operations, and voltage and current loads. For the UL 489 test [22], the
overload/temperature-rise tests are comprised of 50 on-off cycles at 600% rated current; the
endurance test includes 6,000 on-off operations with rated current load followed by 4,000 cycles
with no applied current; the short-circuit tests involve tripping each breaker three times by
applying 5,000 A at rated voltage. In each case, the breakers undergo calibration checks before
and after the test to determine if the required performance has been achieved.
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Figure 2.1 Schematic representation of the stages in breaking arc. (a) Static contact. (b) Molten
bridge formation. (c) Metallic phase arc. (d) Gaseous phase arc. Reproduced from [60].
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Figure 2.2 A sketch showing the various stages of arc formation in contact separation with
current flow (tb bridge time, ta: anodic phase, tm: metallic phase, tg: gaseous phase). Reproduced
from [64].
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Figure 2.3 The mass change present between the arcing contacts (TM: molten zone, TB: boiling
zone). Reproduced from [64].
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Figure 2.4 Theoretical results for the arc motion as functions of temperature and time.
Reproduced from [65].
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2.2 Ag/W Contact Materials for Electrical Circuit Breakers
2.2.1 Manufacturing Process
Ag/W electrical contacts for circuit breakers are usually manufactured by powder
metallurgy approaches, which will produce fairly dense contact tips with very little porosity [12].
Depending on the composition, the production of Ag/W contact materials is accomplished by
one of the three common methods: press-sinter-repress, liquid phase sintering, and press-sinterinfiltrate [42]. The press-sinter-repress approach is usually applied for materials with higher Ag
contents, usually larger than 50 wt.%, while the other two are suitable for lower Ag content
materials.
The press-sinter-repress method [3,4,21,107,108] starts with elemental Ag and W
powders, and these powders are blended thoroughly at first. The mixed powders are then pressed
into the contact shape and sintered. The sintering process is accomplished in the solid state, just
below the melting point of Ag and at a reducing hydrogen atmosphere to avoid excessive
oxidation. After that the as-sintered contacts will be repressed to reduce the porosity and thereby
to reach the desired density. The final contacts produced by this method can have up to 92% of
their theoretical density. Sometimes graphite powders are added to enhance the elimination of
the pores [42]. Re-pressing is not used in the liquid phase sintering process. The powders with
the desired composition are pressed about 5-15% oversize, and then shrink to the final size
during sintering. The liquid phase sintering is completed above the melting point of Ag in a
reducing hydrogen atmosphere. The detailed mechanisms of the liquid phase sintering can be
found elsewhere [109-112]. Sometimes, additives such as Ni or Co are used to facilitate the
activation of the sintering process, since they will increase the self-diffusivity and wetting
characteristics of W [113,114]. Dense contacts with less than 1% porosity can be made via this
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process. For the press-sinter-infiltrate process [42], powders with less Ag than the desired
composition are first blended, pressed and sintered to a compact with significant porosity. Then
the residual pores are eliminated by infiltration with Ag from the back at a temperature higher
than the melting point of Ag and in a reducing hydrogen atmosphere. The filling of the pores is
accomplished through capillary forces, and after infiltration the desired composition and usually
less than 1% porosity are achieved. The infiltration process results in a pure Ag layer on the
bottom side of the contacts, and this intentionally controlled excess Ag will aid in the following
brazing process so that the contact tips can be bonded easily to the carriers by resistance heating
[42]. There are extensive studies about the correlation between the manufacturing processes and
the properties of the electrical contacts, and in fact it is known that the different manufacturing
processes may result in variations in the electrical properties [19,107,115].

2.2.2 Arcing Performances
One of the most important consequences of arcing is the erosion effect on the contact
materials, which usually depends critically on parameters like the circuit current, the arcing time,
the contact materials, the contact carriers, the contact shapes, the contact gap, the opening
velocity, and contact bouncing [42,116-118]. As discussed in the electric arc section, the arcing
process involves different forms of materials transfer, such as metal vaporization, metal droplets
ejection, metal deposition and re-deposition [64,71-74]. The materials loss by arc erosion is
mainly attributed to the vaporized metal loss and the molten metal ejection loss. Based on the
vaporization model, Wilson [56] reported the erosion rates of various elemental materials in
response to electric arcs under about 12,000 A current and 1/32 inch separation of contacts, and
the erosion rates of some typical sintered composite materials for circuit breakers, as presented in

19

Figure 2.5. Carbon and tungsten have superior arc erosion resistance performances than other
elements, as shown in Figure 2.5(a). Sn exhibits the worst in arc erosion behavior, probably due
to the low melting point and boiling point. It is noted that there exist differences between the
theoretical vaporization loss and experimental total loss values, and that is because the molten
metal ejection loss was not considered in the model. Figure 2.5(b) shows that the arc erosion rate
decreases dramatically with the increase of refractory contents, especially in the 20- 60 wt.%
composition range. The addition of refractory materials such as W, WC and Mo significantly
improve the arc erosion resistance of the contact materials. It is also noted that in most cases
Ag/W composite materials exhibit higher arc erosion rates than Ag/WC, Ag/Mo and Cu/W, and
they have better erosion resistance performances than Mo only when the refractory content is
higher than 70 wt.%. Therefore, Ag/W contacts are usually used in low-voltage residential circuit
breaker applications [12,42,87].
Leung et al. [3] examined Ag/W contacts with 50% volume percent of Ag after arc
erosion tests of 20 shots at 1,600 A. It was reported that there existed large cracks not only on the
contact surfaces but also on the sides of the contacts. These cracks are probably the effects of
thermal shocks [119-121]. The contact surface was severely eroded with different features like
W cones, Ag deposits on the contact surface, and Ag bleed-out on the arc runoff side. In most
cases, during arcing the Ag phase in the contacts will boil and vaporize while the W phase will
be left behind, due to the lower melting and boiling point of the former phase [3,56]. Typical
SEM images obtained from Ag/W contacts with the composition of 40 wt.% Ag, 60 wt.% W
experienced with arcing tests [122] are presented in Figure 2.6. Three current levels of 2, 10, 22
kA were applied. After the arcing tests, the surface morphologies are totally different from that
before the tests. There is a great loss of Ag at the surface, and with increasing arcing currents
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more pits are formed at the surface. It is revealed that W melted during the arcing and
resolidified to form a W skeleton at the surface. Some of the Ag vaporized, and some redeposited
onto the W surfaces.
Arcing of Ag/W contacts can also result in formation of different oxides at the contact
surfaces, such as WO2, WO3, W3O8, Ag2WO4 and WC [10,123,124]. The presence of these
oxides will adversely affect the electrical properties of the electrical contacts, since the contact
resistance will increase significantly [1,10,123]. In this case higher temperature rises will be
expected and contact welding may become a significant issue [125,126].

2.2.3 Switching Behaviors
A single closing and opening operation for the pair of electrical contacts in a circuit
breaker [10] is illustrated in Figure 2.7. When it comes to closing (e.g. Figure 2.7(a)), the
movable contact at first touches the fixed contact at one edge, then rotates and swipes until the
two contacts meet each other in the middle. While for an opening operation, as shown in Figure
2.7(b), the movable contact rotates and leaves the fixed contact from one edge. Once there is a
separation between the contacts, electric arcs are generated and with the motion and quenching
of the arcs, metal vapor deposits are expected on the other edges of the contact pair. When it
comes to a large number of on-off operations, the situation will be much more complicated.
Repeated switching operations in electrical circuit breakers usually result in a combination of
erosion effects related to mechanical wear and electric arcing. These erosion effects include
materials loss, surface oxidation, crack formation, and contact resistance increase [1,3,10,11], all
of which can have adverse impacts on the electrical, thermal and mechanical properties of the
contact materials.
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The effects of switching operations on the contact resistance and the contact volume
erosion [3] are illustrated in Figure 2.8. The switching tests were performed at 30 A, 110 V for a
total of 8,000 operations on Ag/W contacts, which has 50% Ag by volume. The contact
interfacial millivolt drop versus the number of operations was measured as shown in Figure
2.8(a). The contact resistance increase, which is proportional to the millivolt drop, can be
illustrated by such means. The Ag/W contacts experienced a rapid contact resistance increase
during the first 2,000 operations, and then fluctuated around the same millivolt drop value with
the increasing numbers of operations. This is because during the switching operations a mixed
layer tens of µm in thickness containing Ag, W and oxides (e.g. WO3 and Ag2WO4) was formed
at the contact surfaces. The presence of oxides caused the contact resistance increase [1,10], and
when the surface layer became thick enough after a certain number of operations, the contact
resistance was dominated by this layer and stayed at a relatively constant level. Figure 2.8(b)
indicates that contact volume erosion increases continuously with increasing numbers of
switching operations. This is probably attributed to the materials loss along with the mechanical
wear and arcing erosion [64,71-74].
The repeated switching operations can cause localized temperature-rise at the contact
surfaces, and the high temperature may also induce contact welding problems, which adversely
affect the performance of the electrical contacts. The contacts may fail in the opening operations
if welding occurs, and the weld force is higher than the opening force. There are typically two
forms of welding: static welding and dynamic welding [4,127-129]. Static welding takes place
when there is localized melting of the contact materials at the contact surfaces due to resistive
heating under current flows, and the contacts get welded together after solidification of the
molten metal in the following cooling process [129]. In this case, the contacts will fail to open
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and the current will not be interrupted. Dynamic welding usually occurs when the contacts
bounce against one another, which results in the presence of multiple short arcs and thereby
causes over-heating and melting at the contact regions [4,128-130]. Contact welding has been
extensively studied, and it is reported that the process is affected by a variety of factors, such as
the current load [131], contact damping [116], arc duration [128,132], arc energy [133], contact
impact and bouncing, contact materials, contact carrier materials, and so on.

2.2.4 Oxidation/Corrosion Effects
Oxidation of Ag/W contacts in air is enhanced at elevated temperatures during arcing and
switching in electrical circuit breakers. As mentioned previously, tungsten oxides and silver
tungstates can form at the contact surfaces after electric arcing and repeated switching operations
[3,6,10]. Table 2.1 gives a summary of the millivolt drops and temperatures at which different
physical and chemical effects occur in the Ag, W, O2 and C system. Slade [42] used the
relationship between the Kohlrausch voltage drop and temperature to indicate the possible
transformations at different millivolt readings. It is noted that silver oxides can decompose at
relatively low temperatures [134], and this is probably the reason why silver oxides are rarely
found at the contact surfaces after arcing and switching. The oxidation of W accelerates at
elevated temperatures, and different forms of oxides like WO2, WO3 and W3O8 are present. The
interactions between Ag, tungsten oxides, O2 and CO can promote formation of silver tungstates
such as Ag2WO4, AgWO2 and AgWO3 [1], while these tungstate species will decompose at
higher temperatures. The presence of these oxides and silver tungstates can cause significant
increases in the contact resistance, and thereby may result in localized temperature-rise or
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overheating, which can lead to melting of the contact materials and welding of the contacts
[125,126].
During service of circuit breakers in different environments, corrosion of electrical
contacts has to be taken into consideration since the corrosion products at the contact surfaces
can have an impact on the electrical and thermal behaviors of the contacts. The performances of
the Ag-based electrical contacts in polluted air environments have been studied extensively [135137]. It is reported that polluted atmospheres containing dust, sulfur dioxide, and hydrogen
sulfide can attack the surfaces of Ag-based contact materials, and lead to the formation of
products like Ag2S, AgCl, Ag2O [135,137,138]. There are many other studies regarding the
tarnishing of Ag at high sulfide concentrations [139], and this can also be a cause for the
degradation of Ag-based electrical contacts. Humidity is another important factor that needs to
be considered. Humid gaseous environments can enhance the formation of silver and tungsten
oxides at the contact surfaces [42]. Besides, the contact carriers that in many cases are Cu-based
can interact with the humid atmosphere and form copper hydroxides, which may be brought onto
the contact surfaces under certain conditions. Since in most cases these corrosion products
including oxides, chlorides, sulfides and even hydroxides have poor thermal and electrical
conductivities [10,11,20,42], the electrical and thermal properties of the electrical contacts are
adversely affected by the presence of these species, resulting in shorter contact life.
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Figure 2.5 (a) Comparison of arc erosion of various elements in electrical circuit breaker
contacts. (b) Arc erosion rates of composite contact materials based on the results in (a).
Reproduced from [56].
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Figure 2.6 SEM images obtained from the surfaces of the paired Ag/W (40/60, wt.%) contacts
after arcing tests with different current levels (e.g. 2, 10 and 22 kA, respectively). Reproduced
from [122].
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Figure 2.7 Schematics of the sequences for a single (a) closing and (b) opening operation of the
electrical contact pair for circuit breakers. Reproduced from [10].

Figure 2.8 Effects of switching tests at 30 A, 110 V on (a) the contact resistance (millivolt drop)
and (b) contact volume erosion of Ag/W circuit breaker contacts. Reproduced from [3].
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Table 2.1 Millivolt readings and temperatures for physical and chemical effects in the Ag, W, O2
and C system. Reproduced from [42].
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2.3 Ag3Sn and Cu3Sn Intermetallic Alloys
The iso-structural intermetallic compounds Ag3Sn and Cu3Sn are of great importance in
microelectronic applications utilizing lead-free solders, such as Sn-Ag, Sn-Cu and Sn-Ag-Cu,
where they can be present as minority strengthening phases in the solder alloy and can form as
reaction products at solder/substrate interfaces [140-147]. In some cases, these intermetallic
compounds are valuable in electronic applications because on one hand precipitation
strengthening can be achieved for the supersaturated solder alloys with the presence of these
phases, and on the other hand thin films of these phases can promote the formation of good
metallurgical bonds at the solder joints [141,148,149]. However, these intermetallic compounds
may grow in the solid state by ripening reactions and thereby can cause degradation in the
thermal fatigue life, fracture strength, and toughness of the solder joints [150-152]. The
morphologies of the intermetallic compounds in the solders and solder joints depend critically on
the cooling rates. Figure 2.9 shows a set of SEM images of the microstructures obtained from
Sn-3.8 mol% Ag and Sn-4.4 mol% Ag solder alloys after slow and rapid cooling. Ag3Sn phases
tend to form as finely dispersed spherical particles under rapid cooling, but they exhibit needle-,
rod- and plate-like morphologies at slower cooling rates [147,150,153-155]. When the Ag3Sn is
present in these latter coarser morphologies, it can serve as crack initiation and propagation sites,
thereby adversely affecting the mechanical behavior and reducing the fatigue life of the solder
joints [155]. Solder joints formed by Sn-Ag-Cu alloys may fracture because of creep rupture and
fatigue failures [156-158]. The fracture takes place at the compound-metallization boundary at
the situation where the interfacial intermetallic layers are thin, while it occurs within the layer
when the interfacial layers are thicker [159].
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Both Ag3Sn and Cu3Sn are also of interest because they are formed in dental amalgams
as part of the complex phase mixtures [160,161]. These compounds are stable phases present in
the mixtures, and they play an important role both in the long-term corrosion resistance
[162,163] and in the creep-fatigue behavior of dental amalgams [164,165]. Besides these stable
phases, there exist other metastable phases in the complex mixtures due to the character of the
amalgamation [166] and subsequent aging reactions [167].
In the following sections, a literature review of the previous studies about Ag3Sn and
Cu3Sn alloys is presented. These studies are closely related to: the phase equilibria that exist in
Ag-Sn and Cu-Sn binary systems and the Ag-Cu-Sn ternary system; the crystal structures of the
two phases; the mechanical properties of the two intermetallic compounds; and the
oxidation/corrosion characteristics of the two intermetallics.

2.3.1 Phase Equilibria
The Ag-Cu-Sn system has been extensively investigated, largely because Sn-rich alloys
in this system are good candidates for Pb-free solders [140,148,152,168,169]. The ternary AgCu-Sn system is complicated and is the subject of some controversy, but the consensus appears
to be that there exist no equilibrium ternary phases [170,171]. In the 1950s, the isothermal
sections of the Ag-Cu-Sn system at 500 and 600 ˚C were investigated by Gebhardt et al. [172],
and in their studies a liquidus surface for the ternary system was also presented. It was proposed
that there was a transition reaction L + η-Cu6Sn5 à θ-Ag3Sn + β-Sn at the temperature of 225 ˚C
with the liquid composition of 4 wt.% Ag and 0.5 wt.% Cu. The designation of the phases
followed the notation adopted by Chang et al. [170], and a selection of the intermetallic
compounds listed in the study are reproduced in Table 2.2. It is noted that the information listed
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in Table 2.2 is based on the studies performed before the 1980s, and thus some of the results may
not be consistent with the current understanding of this system. For instance, the ε1-Cu3Sn phase
was reported to have the pseudo-hexagonal symmetry and the Mg prototype, however, it has
been widely accepted that this phase has an orthorhombic D0a Cu3Ti-type crystal structure.
Chang et al. [170] summarized the major phase transformations involving four different phases
in the Ag-Cu-Sn ternary system, and listed the temperatures and compositions of the existing
phases for these reactions. The results are listed in Table 2.3. There is a total of 16 temperatureinvariant reactions involving liquid-solid and solid-solid phase transformations, based on the
studies performed before the 1970s. In a later study, Miller et al. [173] investigated the phase
equilibria in the Ag-Cu-Sn system, and stated that there is a ternary eutectic reaction at 216.8 ˚C,
which was L à η-Cu6Sn5 + θ-Ag3Sn + β-Sn. The specific composition of the eutectic point was
given as 4.7 wt.% Ag and 1.7 wt.% Cu. Loomans et al. [174] then looked into the near-ternary
eutectic side of the Ag-Cu-Sn phase diagram much more carefully by conducting detailed
thermal analyses and analytical microscopy studies, and confirmed that the temperature of the
eutectic point was 217 ˚C, which was consistent with the previous reports [173]. However, the
composition of the eutectic point was updated to be 3.5 wt.% Ag and 0.9 wt.% Cu. Later, Moon
et al. [175] conducted more thermal experiments regarding to the ternary eutectic reaction, and
confirmed that the eutectic composition was 3.58 ± 0.05 wt.% Ag, 0.96 ± 0.04 wt.% Cu, and the
eutectic temperature was given as 217.2 ± 0.2 ˚C. In a recent study by Yen et al. [171], the
isothermal sections of the Ag-Cu-Sn ternary system at temperatures of 240 and 450 ˚C were
investigated. It was found that at 240 ˚C the equilibrium phases present in the ternary system
were ε1-Cu3Sn together with the (Ag), ε2-Ag5Sn, θ-Ag3Sn, η-Cu6Sn5, and (Cu) phases, while at
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450 ˚C the ε1-Cu3Sn phase was in equilibrium with the (Ag), ε2-Ag4Sn, θ-Ag3Sn, L, and γ-Cu4Sn
phases.
The phase equilibria in the Ag-Sn binary system was investigated and summarized in a
study by Karakaya et al. [176], and the Ag-Sn binary phase diagram is shown in Figure 2.10.
Based on the phase diagram, there are six different equilibrium phases in the Ag-Sn binary
system: the liquid (L) phase, the fcc (Ag) phase, the close-packed hexagonal ε2-Ag5Sn phase, the
ordered orthorhombic θ-Ag3Sn phase, the β-Sn phase, and the α-Sn phase. Between these
equilibrium phases there exist several critical phase transformations, and these reactions are
summarized in Table 2.4. There have been several studies on the liquidus lines in this binary
system. Although different results were obtained in these studies, a general agreement was
reached regarding the eutectic phase transformation. It was concluded that the liquid phase (L)
solidified into the θ-Ag3Sn phase and the β-Sn phase at 221 ˚C, and the eutectic composition was
given as 96.2 at.% Sn and 3.8 at.% Ag [177, 178]. In the binary system, there exist two sluggish
peritectic reactions L + (Ag) à ε2-Ag5Sn and L + ε2-Ag5Sn à θ-Ag3Sn, which occurred at 724
˚C and 480 ˚C, respectively. Owen et al. [179] claimed that the (Ag) phase could contain as
much as 11.3 at. % Sn, while the value was reported to be 12.2 at. % Sn in the studies by Murphy
[177]. Karakaya et al. [176] took an average of the results reported previously and suggested that
the maximum solubility of Sn in the (Ag) phase was 11.5 at.%. The solubility of Ag in β-Sn was
reported to be much lower, and the content was determined to be only 0.09 at.% Ag by Vnuk et
al. [180].
The phase equilibria are much more complicated in the Cu-Sn binary system. The phases
present and the phase transformations in the Cu-Sn system were investigated and summarized by
Saunders et al. [181], and the Cu-Sn phase diagram is presented in Figure 2.11. There exist a
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number of temperature-invariant phase transformations and several ordered intermetallic
compounds in the binary system. The details of the critical phase transformations are
summarized in Table 2.5. It is not surprising that the phase equilibria in the Cu-Sn system are so
complex with the existence of complicated phase transformations, such as peritectic-, congruent-,
metatectic-, eutectoid-, peritectoid-type reaction, and so on. It is noted that the phase ε1-Cu3Sn is
the product of a congruent ordering reaction in the cubic γ-Cu4Sn (BiF3-type) phase at 676 ˚C,
which is itself a peritectic reaction product from the reaction between liquid phase and the bcc β
(W-type) phase at 755 ˚C. While the β phase is the product of a peritectic reaction L + (Cu) à β
at a temperature of 798 ˚C. The complexity of the phase equilibria in the Cu-Sn system makes
the production of good quality single-phase ε1-Cu3Sn alloys very challenging, as discussed later
in this dissertation.

2.3.2 Crystal Structure
There has been some controversy on the crystal structure of the intermetallic compounds
Ag3Sn and Cu3Sn, however, it is nowadays widely accepted that the two phases are isostructural, exhibiting the geometrically close-packed orthorhombic D0a Cu3Ti-type structure
(space group Pmmn) [182-185]. The ordered D0a Cu3Ti-type lattice is shown in Figure 2.12. It
has an orthorhombic lattice, and actually the D0a structure is a deformed orthorhombic form
derived from the parent hexagonal close-packed (HCP) structure.
The crystal structure of Cu3Sn has been extensively studied due to the application of this
compound in various fields, such as solders [186-191], high-copper dental amalgams
[162,192,193], non-noble metallic oxidation catalysts [194,195], and so on. Cu3Sn was originally
reported to have the close-packed hexagonal structure with a c/a ratio of 1.572, and the unit cell
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dimensions were given as a0 = 0.2749 nm, c0 = 0.4322 nm [196-198]. It is not surprising that
there is such a misunderstanding because there is a close relationship between the hexagonal and
orthorhombic lattice in Cu3Sn structure. Figure 2.13 shows a projection of the atomic
arrangement onto the (001) plane of the Cu3Sn lattice. It is noted that the hexagonal unit cell is
not representative of the symmetry of the structure because not all the atomic positions in the
crystal could be generated by translation of such hexagonal cell integer distances along the
edges. In later studies [199], the structure was fitted to be a small orthorhombic unit cell with
dimensions of a0 = 0.4772 nm, b0 = 0.5514 nm, c0 = 0.4335 nm. Some other researchers reported
that Cu3Sn developed an ordered eightfold superstructure with extended dimension along the baxis of an orthorhombic structure [200, 201]. It was then pointed out by Brooks et al. [183] that
the structure of Cu3Sn was dependent on thermal and mechanical treatment of the alloy, and in
his X-ray studies on fine powders of different heat-treated alloys, both the small orthorhombic
structure and the orthorhombic eight-fold superstructure were observed. A tenfold Cu3Ti-type
superstructure of Cu3Sn was reported and discussed by Schubert et al. [202] and Burkhardt et al.
[182], and later based on this structural approach, Watanabe et al. [185] stated that antiphase
shifts occur at every five unit-cells along b-axis direction in the basic Cu3Ti-type orthorhombic
structure so that the superstructure formed with ten-times extension along the b-axis. This
structural model has gained wide acceptance. Both the eightfold and tenfold superstructure
models were confirmed in some recent studies [203,204], and it was also reported that the
substitution of Cu by some third elements (e.g. Zn and Ni) could lead to a shorter superstructure
period in ternary Cu3Sn compounds, such as four-fold and six-fold period.
Ag3Sn was originally described as being a close-packed hexagonal phase by Preston
[205] based on his powder X-diffraction patterns. A multiple hexagonal cell was proposed for
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Ag3Sn by Hume-Rothery [206], in which case the composition of the intermetallic phase was
taken into consideration. In the following studies by Nial et al. [207], a deformed hexagonal
close-packed structure, which was actually an orthorhombic crystal structure (lattice parameters,
a0 = 0.298 nm, b0 = 0.5149 nm, c0 = 0.4771 nm), was reported based on X-ray diffraction from
powder samples. Fairhurst et al. [184] then claimed that Ag3Sn exhibits an ordered orthorhombic
D0a Cu3Ti-type structure (a0 = 0.597 nm, b0 = 0.478 nm, c0 = 0.518 nm, space group Pmmn), and
such structure is a deformed orthorhombic form of the parent hexagonal close-packed (HCP)
structure, which is nowadays widely accepted. In a very recent study by Rossi et al. [208] the
crystal structure of Ag3Sn was re-investigated using high resolution X-ray powder diffraction
and Rietveld refinements. The results are consistent with the findings by Fairhurst et al. [184],
and Ag3Sn was refined to be ordered orthorhombic Cu3Ti-type with κ-type (2𝑐/𝑏 < 3)
orthorhombic distortion.

2.3.3 Mechanical Properties
Studying the properties of Ag3Sn and Cu3Sn intermetallic compounds is challenging
because the complex phase equilibria make the production of good quality single-phase samples
very difficult [170,176,181]. In most cases, the properties of these D0a phases were obtained by
investigation of thin, finely-divided, and/or irregularly shaped phases in solder joints
[148,152,209] and dental amalgams, [162,192].
Some of the critical mechanical properties of the Ag3Sn and Cu3Sn intermetallic phases,
including the Young’s modulus E, the Vickers hardness H, and indentation fracture toughness
KIC, have been investigated and summarized in a few studies [210-214]. Fields et al. [213]
reported that the Young’s modulus of Cu3Sn was measured to be 108.3 ± 4.4 GPa from bulk
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samples prepared by gas atomization. Based on this Young’s modulus, Kang et al. [215]
determined the indentation fracture-toughness of Cu3Sn in the ~30 µm-thick solder joints formed
by the isothermal solidification of Cu/Sn diffusional couples. The equation used for the
determination of the indentation fracture toughness was given as [216]:

E F
K IC = 0.016( )( 1.5 )
H C
where E, H, F, C are Young’s modulus, hardness, indentation load, and the indentation crack
length, respectively. The fracture-toughness was reported to be 1.230 ± 0.31 MPa√m, which is
much smaller than that reported by Fields et al. (1.7 ± 0.3 MPa√m). However, the Vickers
hardness of Cu3Sn given by Kang et al. (430 ± 15 kg/mm2) is larger than the value obtained by
Fields et al. (343 ± 47 kg/mm2). Chromik et al. [217] performed nanoindentation measurements
on the Ag3Sn and Cu3Sn intermetallics formed by annealing of diffusion couples of Ag or Cu
substrate and Sn-rich solders, and obtained different hardness values. The values obtained for the
hardness (6.2 ± 0.4 GPa) and Young’s modulus (143 ± 7 GPa) of Cu3Sn were higher than those
reported elsewhere [213,215]. The corresponding values obtained for Ag3Sn were 2.9 ± 0.2 GPa
and 88 ± 5 GPa, respectively.
Very similar results were obtained by Deng et al. [218,219] from nano-indentation
experiments on the intermetallics in Cu/Sn-Ag solder joints. The nanoindentation behaviors of
the different materials are revealed in the load-displacement curves, Young’s modulusdisplacement curve and hardness-displacement curve, as shown in Figure 2.14. It is noted that
the η-Cu6Sn5 and ε-Cu3Sn phases showed higher load at the same displacement than Ag3Sn and
other materials (e.g. Figure 2.14(a)). The Young’s modulus-displacement curve and hardnessdisplacement curve revealed plateaus after indentation depth exceeding 100 nm (e.g. Figures
2.14(b&c)). In both cases, much higher Young’s modulus and hardness values were obtained
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from the ε-Cu3Sn phase, whereas the Ag3Sn was much softer and less stiff. The Young’s
modulus for Ag3Sn is only about twice of that for pure Sn, and the hardness is just about twice of
that for Cu. Specifically, the hardness and Young’s modulus of Cu3Sn were reported to be 6.12 ±
0.17 GPa and 134.2 ± 6.7 GPa, respectively, while the corresponding values of Ag3Sn were
given as 3.25 ± 0.18 GPa and 78.9 ± 3.7 GPa, respectively. Ghosh [220] prepared bulk Ag3Sn
and Cu3Sn intermetallic compounds by casting and long-term annealing, and measured the
elastic properties, hardness and indentation fracture-toughness of these phases by micro-hardness
indentation. The Young’s moduli of Ag3Sn and Cu3Sn were reported to be 81.4 GPa and 123.2
GPa, respectively. The Vickers hardness varied with the load. The values for Ag3Sn were given
as 141.9 ± 10, 120 ± 6 and 115.3 ± 7 kg/mm2 at loads of 100, 500 and 1000 g, respectively. The
hardness values for Cu3Sn were given as 431.3 ± 10.5 and 426.6 ± 8.9 kg/mm2 at loads of 200
and 500 g, respectively. The fracture toughness of Cu3Sn was given as 5.72 ± 0.86 MPa√m at a
load of 1000 g, while the fracture toughness of Ag3Sn could not be obtained in this study because
no cracks were induces at loads of up to 10000 g. In a recent nanoindentation study of Cu3Sn
intermetallic compounds formed in annealed Sn-Cu diffusion couples by Yang et al. [188], the
Young’s modulus and hardness were measured with indentations in the direction perpendicular
and lateral to the IMC layers. In both cases, very similar results were obtained, with the Young’s
moduli of 133.39 ± 4.44 GPa and 132.17 ± 3.63 GPa, the hardness of 6.32 ± 0.15 GPa and 6.34 ±
0.14 GPa for the perpendicular and lateral directions, respectively. This result was in good
agreement with a recent study on the first-principles calculations of the elastic properties of the
Cu3Sn intermetallic compound [221].
It is noted that in many cases the measurements of the Young’s moduli, hardness, and
fracture toughness of the Ag3Sn and Cu3Sn intermetallic phases give different results among the
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literature studies, which are probably attributed to specimen preparation and test methods. While
there are some discrepancies between the measured values, it is clear that the iso-structural
phases Ag3Sn and Cu3Sn exhibit distinct mechanical characteristics. Ag3Sn is intrinsically softer
and exhibits more extensive plasticity than most intermetallic compounds, while Cu3Sn is much
harder and exhibits brittle characteristics.
The reasons for the different mechanical behaviors are not clear yet. There has been very
little work on the deformation mechanisms in the two phases or on the characters of the
secondary defects involved, largely because the complex phase equilibria in the Ag-Sn and CuSn binary systems [176,181] mean that it is very difficult to make high-quality single-phase
samples. In an early study by Fairhurst and Cohen [184], small Ag3Sn single crystals were
prepared by: slowly cooling melts with 58 at.% Sn from 525 to 300 ˚C to reach the Ag3Sn +
liquid two phase region, quenching the partially solidified samples to 25 ˚C to give a solid
mixture of Ag3Sn + Sn, and then placing the resulting ingots in concentrated HCl to free the
small Ag3Sn crystals. X-ray diffraction studies on these crystals were used to show that they
exhibited the orthorhombic Cu3Ti-type structure, and trace analysis was used to demonstrate that
occasional deformation markings were consistent with {011}-type twinning. In the microhardness studies by Ghosh [220] on single-phase cast and annealed Ag3Sn and Cu3Sn samples,
scanning electron microscopy (SEM) and Nomarski differential interference contrast microscopy
were used to study the surface relief around the hardness indents. A typical SEM image of the
indent on Cu3Sn is shown in Figure 2.15. Two cracks were observed around the indent,
indicating that the Cu3Sn underwent brittle failure rather than exhibiting plasticity. While
extensive plastic deformation was noticed around the indents in Ag3Sn, and a selection of the
SEM images obtained from the indent areas at different load conditions is shown in Figure 2.16.
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A number of slip/kink bands were present around the indents, and cracks were not observed even
with extensive plastic deformation at a load of up to 10 kg (e.g. Figure 2.16 (d)). Pronounced
shear bands were observed, but it was not clear whether these features were due to dislocation
slip or to twinning.

2.3.4 Oxidation and Corrosion Behaviors
The oxidation of Cu3Sn intermetallic compounds are closely related to the wetting
behaviors and solderability of Sn-base solders to Cu alloys, and thereby affect the mechanical
properties and electrical performances of the solder joints [222-226]. That is the reason why the
relevant studies are of significant importance and interest. However, there exist only very few
studies on this subject in the literature, largely due to the difficulty in preparation of good quality
single phase samples related to the complex phase equilibria [181]. Many of these studies
focused on the oxidation behaviors of the intermetallic compounds at relatively low
temperatures.
In the 1980s, Tompkins et al. [224] examined the oxidation of Cu3Sn thin films: the
intermetallic films were about 3 µm thick prepared by sputter deposition, and then heat-treated
for time ranges of 2-1000 hours at temperatures ranging from 175 ˚C to 250 ˚C. It was found that
only up to tens of angstroms thick oxide films were obtained, and with increasing temperature
and aging time, the oxide components changed from Sn oxide containing Cu to primarily copper
oxides. Later, the oxidation behaviors of the Cu3Sn intermetallic compound at low temperatures
were investigated by Wang et al. [227] using XPS spectra. Single-phase Cu3Sn samples were
prepared by hot isostatic pressing of rapidly solidified powders, and the fresh surfaces were
exposed to pure O2 in the XPS vacuum chamber at 150, 200 and 350 ˚C. The XPS spectra
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obtained from the oxides formed at the surfaces of the Cu3Sn samples are presented in Figure
2.17. The Sn 3d5/2 spectra (e.g. Figure 2.17 (a)) reveal two major peaks at binding energies of
around 485 and 487 eV, respectively, for both Cu3Sn oxidized at 150 ˚C and 200 ˚C. The former
peak corresponds to the Sn metal peak, while the latter peak can be deconvoluted into separate
SnO and SnO2 peaks, which is consistent with results by Tompkins et al. [224]. For Cu3Sn
oxidized at 350 ˚C only one peak was observed at around 487 eV, and this peak is consistent
with the SnO2 standard. The fresh Cu3Sn sample and the samples oxidized at 150 ˚C and 200 ˚C
exhibited the same Cu 2p3/2 peak at a binding energy of about 933 eV (e.g. Figure 2.17 (b)). For
the Cu3Sn sample oxidized at 350 ˚C, however, a peak shift was observed, which is consistent
with CuO being formed on the surface. It is noted that the tin and copper oxides formed are
usually very thin, and that the oxidation on Cu3Sn at these low temperatures is very subtle.
Further evidence for the oxidation resistance of Cu3Sn was presented in recent studies [228] on
the performance of brush-plated copper-tin alloy coatings, and based on these characteristics the
intermetallic compound was utilized as an oxidation barrier in fluxless Cu-Sn bonding
techniques [229].
There are very few oxidation studies on Ag3Sn in the literature, and therefore it is hard to
draw any firm conclusions about the oxidation characteristics of this phase. In the 1970s, Grenga
et al. [230] conducted Auger analyses on the surface films on Ag3Sn after different surface
finishing processes, such as mechanical polishing, polishing and electrolytic etching, and
polishing followed by exposure to air for three days. The Auger electron spectroscopy results
showed that the surface films contained tin oxides in the former two surface-finish conditions,
while silver sulfide was also present for the air-exposed samples. The thickness of the
oxide/sulfide films was not mentioned, however, it is suggested that the oxidation is severe. In
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recent studies by Wang et al. [231,232], it was proposed that Sn oxidizes selectively in Ag3Sn,
leading to the formation of SnO and SnO2 oxides. This behavior is similar to that reported
previously for Cu3Sn. However, no clear evidence was presented for such processes.
Most of the corrosion studies on Ag3Sn and Cu3Sn phases are related to the investigations
on the corrosion behaviors of dental amalgams, and the consensus is that both phases exhibit
good corrosion resistance. For example, Sarkar et al. [233] evaluated the anodic polarization
behaviors of Ag3Sn and Cu3Sn in Ringer’s solution, and claimed that both compounds sit at the
very noble end in the corrosion potential list as compared to other components phases of
conventional dental amalgams. Marek et al. [234] examined the structural phases in high copper
dental amalgams before and after crevice exposure in a stagnant aqueous solution of 1% NaCl
using SEM and EDXS analyses. Ag3Sn and Cu3Sn were reported to have better corrosion
resistance than Cu6Sn5, Ag-Hg (γ1) and Sn-Hg (γ2) phases. However, more recent
electrochemical studies of the corrosion behaviors in 0.9% NaCl solution of the intermetallic
phases in dental amalgams [162,235] suggest that the Ag-Hg (γ1) phase exhibits better corrosion
resistance than Ag3Sn. It is noted that many of these corrosion studies mimic the corrosion
environment inside the human mouth. There are no published corrosion studies for Ag3Sn and
Cu3Sn in other environments, and so the corrosion behaviors of these compounds are not known.
However, from the literature on dental amalgams, it appears that these two intermetallic phases
probably exhibit good general corrosion resistance.
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Figure 2.9 SEM micrographs of slowly-cooled (a) Sn-3.8 mol%Ag and (b) Sn-4.4 mol%Ag
alloys, and rapidly-cooled (c) Sn-3.8 mol%Ag and (d) Sn-4.4 mol%Ag alloys. Reproduced from
[147].
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Figure 2.10 Phase diagram of the binary Ag-Sn system. Reproduced from [176].
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Figure 2.11 Ag-Sn phase diagram. Reproduced from [181].
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Figure 2.12 The unit cell of ordered Cu3Ti-type crystal structure. Reproduced from [185].

Figure 2.13 Projection of atomic arrangements onto the (001) plane of the Cu3Sn structure,
showing the relationship between the orthorhombic and hexagonal lattices. Reproduced from
[183].
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Figure 2.14 Nanoindentation behavior of solder, Cu, Ag3Sn, η-Cu6Sn5, and ε-Cu3Sn phases: (a)
Load-displacement curves, (b) Young’s modulus-displacement curves, and (c) Hardnessdisplacement curves. Reproduced from [218].
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Figure 2.15 SEM micrograph showing indentation cracks in Cu3Sn at an applied load of 1000 g.
Reproduced from [220].
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Figure 2.16 SEM micrographs demonstrating extensive plastic deformation around the indents
in Ag3Sn at applied loads of (a) 100g, (b) 500 g, (c) 5000 g, and (d) 10,000 g. In (c), the area
marked B shows closely spaced and wavy slip bands (marked with arrows). In (c) and (d), GB
refers to grain boundary. Reproduced from [220].
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Figure 2.17 (a) The Sn 3d5/2 spectra of the Cu3Sn phase oxidized for 10 min at 150 ˚C, 200 ˚C
and 350 ˚C and on the cleaned Cu3Sn surface. (b) The Cu 2p3/2 spectra of the Cu3Sn phase
oxidized for 10 min at 150 ˚C, 200 ˚C and 350 ˚C and the Cu 2p3/2 spectrum from the cleaned
Cu3Sn surface and CuO standard. Reproduced from [227].
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Table 2.2 A selection of the intermetallic phases present in Ag-Cu-Sn ternary system.
Reproduced from [170].
Designation

Composition

Symmetry

Symbol

Prototype

β

~23% Sn

bcc

A2

W

γ

Cu4Sn

fcc

D03

BiF3

δ

Cu31Sn8

cubic

Like D81-3

γ-brass

ε1

Cu3Sn (ε)

pseudo
hexagonal

A3

Mg

ζ

Cu20Sn6

trigonal

η

Cu6Sn5 (HT)

hexagonal

B81

NiAs

η'

Cu6Sn5 (LT)

hexagonal
(long period
superlattice)

ε2

~15%Sn (ζ)

hcp

A3

Mg

θ

Ag3Sn (ε)

orthorhombic
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Table 2.3 Four-phase equilibria in the Ag-Cu-Sn system. Reproduced from [170].
Composition of Phases

Coexisting
Phases

Wt.% Ag

Wt.% Cu

Wt.% Sn

605

L
(Cu)
(Ag)
β

48
6.5
87
14

33.5
80.5
4
63

18.5
13
9
23

L + β = (Ag) + γ

560

L
β
(Ag)
γ

44.5
14
86
13

29.5
62
3.5
60

26
24
10.5
27

L + (Ag) = ε2 + γ

550

L
(Ag)
ε2
γ

47.5
85
80.5
12

25.5
2.5
3.5
59

27
12.5
16
29

L + γ = ε2 + ε1

540

L
γ
ε2
ε1

46
11
78
11

24
58
4
53

30
31
18
36

L + ε2 = θ + ε1

440

L
ε2
θ
ε1

43.5
73
71.5
10

12
4
2.5
52

44.5
23
26
38

L + ε1 = θ + η

350

L
ε1
θ
η

20
8
71
4

6
54
2
38

74
38
27
58

L + η = θ + (Sn)

225

L
η
θ
(Sn)

4
2.5
71
0.5

0.5
37.5
1.5
1

95.5
60
27.5
98.5

ζ = δ + γ + ε1

570

ζ
δ
γ
ε1

3
2
4
4

65
67
67
62

32
31
29
34

Reaction

Temp. ˚C

L + (Cu) = (Ag) + β
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Table 2.3 Four-phase equilibria in the Ag-Cu-Sn system - Continued. Reproduced from [170].
Composition of Phases

Coexisting
Phases

Wt.% Ag

Wt.% Cu

Wt.% Sn

545

β
(Cu)
(Ag)
γ

14
7
88
21

63
81
3
62

23
12
9
17

γ + ε1 = δ + ε2

525

γ
ε1
δ
ε2

9
9
5
78

62
57
61
5

29
34
34
17

(Cu) + γ = (Ag) + δ

550

(Cu)
γ
(Ag)
δ

5
14
87
6

83
59
5
66

12
27
8
28

γ = (Ag) + ε2 + δ

505

γ
(Ag)
ε2
δ

18
84
82
7

55
4
3
64

27
12
15
29

(Ag) + δ = (Cu) + ε2

450

(Ag)
δ
(Cu)
ε2

88
8
4
82

3
63
83
4

9
29
13
14

δ = (Cu) + ε2 + ε1

300

δ
(Cu)
ε2
ε1

7
2
82
3

63
87
3
62

30
11
15
35

ε1 + η = θ + η'

170

ε1
η
θ
η’

8
3
2
71

54
38
40
3

38
59
58
26

η = θ + η' + (Sn)

150

η
θ
η’
(Sn)

3
70
2
0

37
3
39
0

60
27
59
100

Reaction

Temp. ˚C

β = (Cu) + (Ag) + γ
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Table 2.4 Temperature-Invariant Reactions in the Ag-Sn system. Reproduced from [176]. Phases
are designated following the notation adopted by Chang et al. [170] for consistency throughout
the dissertation.
Reaction

Composition of the respective
phases, at.% Sn

Temp. ˚C

Reaction
type

(Ag) + L ↔ ε2

11.5

19.5

13.0

724

Peritectic

ε2+ L ↔ θ

22.8

49.6

25.0

480

Peritectic

L ↔ θ + (βSn)

96.2

25.0

99.91

221

Eutectic

13

Transformation

(βSn) ↔ (αSn)

100

Table 2.5 Temperature-Invariant Reactions in the Cu-Sn system. Reproduced from [181]. Phases
are designated following the notation adopted by Chang et al. [170] for consistency throughout
the dissertation.
Reaction

Composition of the respective
phases, at.% Sn

Temp. ˚C

Reaction
type

(Cu) + L ↔ β

7.7

15.5

13.1

798

Peritectic

β+L ↔ γ
ε1 ↔ γ
γ + ε1 ↔ ζ

15.8

16.5

21.8

19.1
25.0
24.5

22.5

755
676
640

Peritectic
Congruent
Peritectoid

γ ↔ ε1 + L

27.9

25.9

43.1

640

Metatectic

γ+ζ↔ δ
β ↔ α+γ
ζ ↔ δ + ε1

19.8
14.9
21.7

20.9
9.1
20.8

20.3
15.4
24.5

590
586
582

Peritectoid
Eutectoid
Eutectoid

γ ↔ α+δ

16.5

9.1

20.4

520

Eutectoid

ε1 + L ↔ η
δ ↔ α + ε1
L ↔ η + (βSn)

24.9
20.5
98.7

86.7
6.2
45.5

43.5
24.5
>99.9

415
350
227

Peritectic
Eutectoid
Eutectic
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2.4 Objectives of This Study
The structure and properties of Ag/W contacts of the type used in low-current standalone
circuit breakers for domestic applications will be investigated. A basic understanding of the
relationships between contact composition, processing and performance in the current generation
of Ag/W circuit breaker contacts will be developed. This may serve as a reference point for
broader research efforts into the development of alternate metallic formulations that might
replace the expensive Ag in breakers that operate in air.
This dissertation has the following objectives:
1. To define the initial microstructures of the as-manufactured Ag/W circuit breaker
contacts, including the contact surface, the contact interior and the braze joints formed between
the Ag/W contacts and the Cu strap, using a combination of scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDXS), focused ion beam (FIB) milling, and
transmission electron microscopy (TEM).
2. To investigate the near-surface microstructures exhibited by commercial Ag/W
contacts after standardized UL testing to deduce the degradation mechanisms during each type of
test. Then the effects of extended aging on the structure, electrical properties and UL testing
performance for this type of contacts will be investigated.
3. To conduct fundamental physical metallurgy studies on the Ag3Sn/Cu3Sn alloys to
provide a comprehensive understanding of the phase quilibria that exist in the alloy system and
deformation mechanisms that operate in the two iso-structural phases. The qualification of the
candidate Ag3Sn/Cu3Sn alloys for use in circuit breaker contact materials will be discussed.
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Chapter 3: Materials and Experimental Methods
The details of the materials examined are given in this chapter, including the Ag/W
electrical circuit breaker contacts in as-manufactured condition, after standardized UL testing
and extended aging tests; the Ag3Sn/Cu3Sn alloys with compositions in the pseudo-binary
section; and the Ag3Sn single crystals. The measurement methods of the electrical contact
resistance are described. Besides, the materials characterization techniques involved in the
examination of the Ag/W circuit breaker contacts and Ag3Sn/Cu3Sn alloys are introduced. These
techniques include X-ray diffraction (XRD), differential scanning calorimetry (DSC), scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). The details of the
sample preparation for these characterization methods are also given correspondingly.
3.1 Materials
3.1.1 Ag/W Circuit Breaker Contacts
In this study, the Ag/W electrical contact materials examined were typical of those used
in 120 V, 30 A circuit breakers for residential applications. These contacts were examined in the
as-manufactured condition, after standard UL tests and after extended aging tests.
1) As-Manufactured Contacts
The electrical contacts were manufactured by Caribe GE (Puerto Rico) using a powder
metallurgy approach. Elemental Ag and W powders were blended together with a small amount
(< 1%) of Ni as a sintering aid [6,113,114], and the blends were pre-processed to produce
powders consisting of composite Ag/W particles. The composite powder was then compacted
into dies and sintered to produce contacts with a diameter of 4.0 mm, a thickness of 1.6 mm, a
smooth upper (contact) surface and a corrugated back surface. Residual porosity in the sintered
contacts was eliminated by infiltration with Ag from the back, giving an overall composition for
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the final contact of 40Ag-60W (wt.%). The infiltration process results in an pure Ag layer of up
to 150 µm in thickness on the back surface; this layer promotes the formation of a strong braze
bond during attachment of the contacts to the Sn-coated Cu breaker arm by brazing.
Sheets of BCuP-5 filler metal (Cu - 15 Ag - 5 P (wt.%); TL = 800˚C), 70µm in thickness
were obtained from Lucas-Milhaupt (Warwick, Rhode Island) and shims 4.0 mm in diameter
were stamped from the sheets. For ease of handling, a filler metal shim was melted onto the back
surface of each contact by heating to 815˚C for 5 min in a reducing atmosphere (H2/N2) to
prevent oxidation and then cooling to room temperature. Each contact was then placed with the
corrugated braze-alloy-coated surface downwards onto to a 2 mm-thick Cu strap with a 1µmthick Sn coating. The contact was clamped to the strap between two flat electrodes with a
pressure of approximately 2 MPa. The electrodes on the strap and contact sides were
manufactured from W and Cu, respectively. A schematic diagram showing the geometry of the
tip, strap and electrodes during the clamping cycle is shown in Figure 3.1(a). A voltage of 400 V
was applied for 0.08 s generating a current of 5.5 kA. During this cycle, resistive heating occurs
primarily within the low-conductivity W electrode on the strap side, and so the braze joint is
heated by thermal conduction through the Cu strap. The contact/strap assembly was then released
and allowed to cool to room temperature in air. A schematic diagram showing the anticipated
arrangement at the braze joint, with braze metal filling the gap between the Sn coating on the Cu
strap and the excess Ag layer on the Ag/W tip, is shown in Figure 3.1(b).
2) Standardized UL Testing of Contacts
For this study, Ag/W contacts of 120 V, 30 A circuit breakers in three different standard
UL testing conditions were examined: UL standard overload/temperature-rise, endurance and
short-circuit testing. Following UL489 [22]: the overload/temperature-rise tests comprised 50

56

on-off cycles at 180 A; the endurance tests involved 6,000 with load on-off cycles at 30 A
followed by 4,000 cycles with no current; and the short-circuit tests consisted of tripping each
breaker three times by applying 5,000 A at full voltage. In each case, the breakers undergo
calibration checks both before and after the test to determine if the required performance has
been achieved.
3) Extended Aging of Contacts
Three different aging conditions were considered in this study: accelerated aging in
humid and dry environments, and natural aging. In the humid aging tests, the breakers were kept
in an enclosed chamber with a relative humidity of 95% at 80 °C for 7 days. For dry aging tests,
Ag/W contact tips were held at 100 °C for 1,000 h in a muffle furnace. The naturally aged
breakers had seen service under ambient conditions (no air-conditioning) in a house located in
Puerto Rico for over 10 years (year-round average of 28 °C and 75% humidity). Since the humid
aging gave the most pronounced changes in contact surface structure and chemistry, these
samples were selected for evaluation by standard UL overload/temperature-rise, endurance and
short-circuit testing. The details of these testing conditions were described previously.

3.1.2 Ag3Sn/Cu3Sn Alloys
Three Ag3Sn/Cu3Sn alloys selected for this study have compositions that lie in the
Ag3Sn-Cu3Sn pseudo-binary section as shown in the isothermal section of the Ag-Cu-Sn ternary
phase diagram at 37 ˚C (see Figure 3.2). The compositions of these alloys are summarized in
Table 3.1. These are referred to as the 50:50, 40:60 and 30:70 alloy samples, where the
designations refer to the ratio of the atomic percentages of Ag and Cu in the respective alloys.
Cylindrical ingots, 25 mm in diameter were produced by ACI Alloys, Inc. (San Jose, CA) for

57

each of the alloys from high-purity elemental starting materials by arc-melting and casting under
argon gas.
For solidification microstructure studies on the Ag3Sn/Cu3Sn alloys, heating and
quenching experiments were performed in a TA Instruments DSC 2920, which allows for
samples to be removed rapidly from the apparatus. The heating conditions were matched to those
of the initial DSC analyses, i.e. 10 mg samples were heated at 10 °C/min under purified argon to
the required temperatures. The samples were then removed and immediately quenched in water
at room temperature.
For defect structure studies on Ag3Sn/Cu3Sn alloys, the heat treatments were performed
in laboratory air using a muffle furnace. The samples were held at 100 °C for up to 1000 h. For
Compression testing, rectangular specimens 5 × 5 × 10 mm were sectioned from the center of the
as-cast ingot. These specimens were deformed in uniaxial compression at a strain rate of 10-3 s-1
using a Instron 5869 testing frame.
Single crystals of Ag3Sn used for this study were grown as part of the Ames Laboratory
exploration of intermetallic compounds with low peritectic decomposition temperatures [237239]. Ag3Sn was grown from a molten Ag0.15Sn0.85 solution. Silver wire (Goodfellow 99.99%)
and tin shot (Alfa Aesar 99.99+% metals basis) totaling 2 grams were loaded into a 2 mL
alumina fritted crucible set [238]. This was sealed in a fused silica ampoule under a ¼ atm
pressure of high purity argon. The ampoule was heated in a box furnace to 1000 ˚C, held for 2 h
to allow the silver to dissolve completely into the melt. The temperature was then reduced to 450
˚C over a period of 6 h, and then cooled more slowly to 240 ˚C over a 48h period. After holding
at 240 ˚C for 6h, the ampoule was removed and the liquid was decanted with a modified
centrifuge [240]. Inside the crucible, relatively planar, feather-like, bright metallic dendrites were

58

compacted into a mat against the frit. The 0.1 mm dendrites occasionally terminated with faceted
blade-like crystals with dimensions of up to 2×0.3×0.1 mm3. A photograph showing one such asgrown Ag3Sn single crystal is presented in Figure 3.3. We note that such crystals were so soft
that they appeared to deform during the decanting/centrifugation process, and during subsequent
handling. Initial evidence for deformation processes was observed in the form of linear features
resembling slip traces on the surfaces of the crystals. Thus, although the deformation in these
crystals occurs under ill-defined stress conditions, we chose to perform defect analysis on such
samples because the defect density was likely to be much lower than in the samples we have
considered in the Ag3Sn/Cu3Sn alloy samples.

3.2 Experimental Methods and Materials Characterization
In the following section, the detailed experimental methods and materials
characterization techniques are covered. The contact resistance measurement method will be
described, and the detailed information in terms of instrument models and experimental
conditions about the characterization methods will be given. These characterization techniques
include: X-ray diffraction (XRD), differential scanning calorimetry (DSC), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). In addition, the specimen
preparation process associated with these techniques will be introduced.

3.2.1 Electrical Contact Resistance Measurements
The contact resistance measurements of Ag/W circuit breaker contacts in the asmanufactured conditions and those subjected to standard UL testing and extended aging tests
will be considered. The breakers were disassembled and the ends were cut off the breaker arms
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with the Ag/W contact attached. While all of the data presented here were obtained from the
breaker arms (i.e. the contacts that move during breaker opening or closure), we note that the
mating stationary Ag/W contacts had the same composition, processing route and geometry.
Moreover, these stationary contacts exhibited similar surface microstructures to the moving
contacts both before and after testing.
Measurements of contact resistance, Rc, were obtained using a single point hemispherical
gold probe following the ASTM standard methodology [241]. A Keithley 2400 Source Meter
was used as the current source for the measurements (1-100 mA range) while a Keithley 2182A
Nanovoltmeter was used to measure the potential difference across the voltage leads. All
measurements were obtained under a constant load of 25 g. Three different samples were used,
and a total of at least 30 readings of contact resistance were recorded for each test condition. The
contact tips were wiped with ethanol prior to performing the measurements to reduce the effects
of surface contamination on the Rc values obtained. It is important to note that Rc is a measure of
the surface condition of the individual contacts as a basis for comparison, not the contact
resistance measured through the mating breaker contact surfaces as is commonly used in the
industry (see, for example, Ref [123]).

3.2.2 X-ray Diffraction (XRD)
X-ray diffraction (XRD) was performed directly on the contact surfaces of selected asmanufactured Ag/W contacts and those contacts that were subjected to standardized UL testing
and extended aging tests. For Ag3Sn/Cu3Sn alloys, samples were obtained by slicing disks of
about 2 mm in thickness from the cylindrical ingots. These samples were ground using
successively finer grades of SiC abrasive papers, and were then polished using colloidal alumina
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suspension. The XRD studies were then performed on the polished surfaces of the Ag3Sn/Cu3Sn
samples.
The XRD analyses were accomplished by using a Bruker AXS D2 Phaser diffractometer
with a 30 kV Cu K-α source and a Lynxeye detector. The XRD spectra were obtained by
scanning over a 2θ range of 20-60° at a scan speed of 0.02°/s for a total of 2.5 h. The data were
analyzed by comparison with standard ICDD (International Centre for Diffraction Data) files.

3.2.3 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (DSC) analyses were performed on the Ag3Sn/Cu3Sn
50:50, 40:60 and 30:70 alloys to investigate the thermal characteristics. Small pieces were
broken from each alloy, and samples with an approximate weight of 10 mg were used for DSC
analyses. The analyses were performed in a TA Instruments SDT Q600 under a purified argon
atmosphere by heating the materials from room temperature to 750 ˚C at a heating rate of
10 °C/min.

3.2.4 Scanning Electron Microscopy (SEM)
The specimen preparation methods and the experimental parameters for scanning electron
microscopy vary among the different samples involved in this dissertation. The details are given
as follows:
1) Braze Joints
Samples of the coated contact tips and of the brazed tip/strap assemblies were sectioned
and mounted in cold-setting epoxy resin loaded with a conductive filler of Ni powder. These
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metallographic sections were ground using successively finer grades of SiC abrasive papers and
then polished using alumina suspension. Backscattered electron (BSE) SEM images and X-ray
maps were obtained in a JEOL 6335 field emission SEM equipped with an EDAX energydispersive X-ray spectrometer. For EBSD analysis, samples were polished in a Fischione 1060
SEM Mill and examined in a FEI Nova NanoSEM 450 equipped with an Oxford Nordlys Nano
EBSD detector and an Oxford X-max silicon drift detector EDXS system.
2) Ag/W Electrical Circuit Breaker Contacts
The breakers were disassembled and the ends were cut off the breaker arms with the
Ag/W contact attached. Some of the contacts were mounted onto Al SEM stubs for direct
examination of the contact surfaces. Others were sectioned by cutting perpendicular to the
contact surface through the middle of the contact. These cross-sections were mounted in coldsetting epoxy resin loaded with a conductive filler of Ni powder, ground using successively finer
grades of SiC abrasive papers, and then polished using alumina suspension. Secondary electron
(SE) and backscattered electron (BSE) SEM images were obtained from these samples in a JEOL
6335 field emission SEM equipped with an EDAX EDXS system.
3) Ag3Sn/Cu3Sn Alloys
Samples of the as-cast alloys were obtained by slicing disks of about 2 mm in thickness
from the cylindrical ingots. The quenched samples were mounted in cold-setting epoxy resin
loaded with a conductive filler of Ni powders. All of these samples were ground using
successively finer grades of SiC abrasive papers, and were then polished to a mirror finish using
colloidal alumina suspension. Backscattered electron (BSE) SEM images and energy-dispersive
X-ray spectrometry (EDXS) data were obtained from the polished sample surfaces in a FEI
Teneo LoVac SEM equipped with an EDAX Octane silicon drift detector (SDD) EDXS system.
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Some of the deformed Ag3Sn single crystals were mounted onto aluminum SEM stubs
for direct examination of the surfaces. BSE SEM images were obtained from in a FEI Teneo
LoVac SEM operating at an accelerating voltage of 15 kV.

3.2.5 Transmission Electron Microscopy (TEM)
The specimen preparation methods and the experimental parameters for transmission
electron microscopy are different among the samples involved in this dissertation. The details are
given as follows:
1) Braze Joints and Ag/W Electrical Circuit Breaker Contacts
Cross-sectional TEM specimens were prepared using an FEI Strata 400S dual-beam FIB
instrument, which is equipped with a flip-stage and a scanning transmission electron microscopy
(STEM) detector for improved final thinning. A 3 µm thick Pt layer was deposited onto the
surface in-situ to protect the surface of the TEM specimen during ion milling. This deposition
was performed in two steps: the first 1 µm of Pt was deposited using the electron beam to crack
the organometallic Pt precursor, and the remaining 2 µm of Pt was deposited using the ion beam.
The ion column accelerating voltage used was 30 kV throughout the milling process, but the ion
beam currents were reduced iteratively to a value of 9.7 pA during final milling to avoid
excessive Ga+ implantation and beam damage. The FIB-cut slices were mounted onto
molybdenum Omni grids and attached at two corners to limit mechanical buckling of the samples
during final thinning.
TEM foils from the contact interiors were prepared by removing the contacts from the
breaker arm, grinding to a thickness of ≈100 µm, punching a 3-mm diameter disc, and then twinjet electrolytic polishing to perforation in a Struers TenuPol-5 electro-polishing apparatus. The
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electro-polishing was performed using an electrolyte of 9% distilled water, 73% ethanol, 10%
butoxyethanol and 8% perchloric acid (by volume) at -15 ˚C and 10 V. The electro-polished
specimens were then Ar+ ion milled to remove the topographic effects arising from preferential
dissolution of the Ag during electro-polishing. The ion milling was performed at an accelerating
voltage of 3 kV with liquid nitrogen cooling in the cold stage of a Gatan model 600 Duo-mill;
cooling of the sample during milling was necessary to minimize the formation of secondary
defects in the soft Ag phase.
The FIB-cut cross-sections and the TEM foils were examined in an FEI Tecnai T12 TEM
and in a JEOL JEM-2010 FasTEM operating at accelerating voltages of 120 and 200 kV,
respectively; both of these instruments are equipped with EDAX ultra-thin window EDXS
systems.
2) Ag3Sn/Cu3Sn Alloys
For solidification microstructure studies, the TEM specimens of the quenched alloys were
prepared by focused ion beam (FIB) milling techniques from polished sample surfaces using an
FEI Helios Nanolab 460F1 dual-beam FIB instrument, which is equipped with a flip-stage and a
scanning transmission electron microscopy (STEM) detector for improved final thinning. A 3µm thick Pt layer was deposited onto the polished surfaces in situ to protect the surface of the
TEM specimen during ion milling. This deposition was accomplished in two steps: the first 1 µm
of Pt was deposited using the electron beam to crack the organometallic Pt precursor, and the
remaining 2 µm of Pt was deposited using the ion beam. In the initial stages of the milling
process, the accelerating voltage used for the ion column was 30 kV and the ion beam currents
were reduced iteratively to a value of 24 pA. During the final milling process, the accelerating
voltage for the ion column was reduced to 5 kV and the ion beam current used was reduced to 15
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pA to avoid excessive Ga+ implantation and beam damage. The FIB-cut slices were mounted
onto Mo grids and attached at one edge to avoid the re-deposition of the grid materials onto the
sample surface during final thinning. The TEM specimens were examined in an FEI Tecnai T12
TEM and in an FEI Talos F200X S/TEM operating at accelerating voltages of 120 and 200 kV,
respectively. The latter instrument is equipped with a Super-X SDD EDXS system, which allows
for rapid acquisition of spectrum images for elemental mapping.
For defect structure studies on Ag3Sn/Cu3Sn alloys, specimens for TEM were prepared
from the heat-treated and the deformed samples by: cutting thin slices, grinding to a thickness of
≈100µm, punching 3 mm diameter discs, and then twin-jet electro-polishing to perforation in a
Struers TenuPol-5 apparatus. The electro-polishing was performed using an electrolyte of 9%
distilled water, 73% ethanol, 10% butoxyethanol and 8% perchloric acid (by volume) at -15 ˚C
and 10 V. The specimens were then Ar+ ion milled to eliminate topographic effects that arose
from preferential dissolution during electro-polishing. This ion milling was performed using a
Gatan model 600 Duo-mill at an accelerating voltage of 3 kV with liquid nitrogen cooling. For
selected samples, cross-sectional TEM specimens of the surface were prepared using an FEI
Strata 400S dual-beam focused ion beam (FIB) instrument. A 3µm-thick protective Pt layer was
deposited onto the surface in-situ. This deposition was performed in two steps: the first 0.5µm of
Pt was deposited using the electron beam with accelerating voltage of 2 kV to crack the
organometallic Pt precursor, and the remaining 2.5 µm of Pt was deposited using the ion beam.
The ion column accelerating voltage used was 30 kV throughout the milling process, but the ion
beam currents were reduced iteratively to a value of 9.7 pA during final milling to avoid
excessive Ga+ implantation and beam damage. The FIB-cut slices were mounted onto
molybdenum Omni grids and attached at 2 corners to limit mechanical buckling of the samples
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during final thinning. All of the TEM specimens were examined in a JEOL JEM-2010 FasTEM
operating at an accelerating voltage of 200 kV.
For defect structure studies on pure Ag3Sn alloys, cross-sectional TEM specimens were
prepared through the facets by FIB milling techniques using an FEI Helios Nanolab 460F1 dualbeam FIB instrument. Details of the FIB milling conditions are the same as that for the TEM
specimen preparation of the heat-treated and deformed Ag3Sn/Cu3Sn alloys. The FIB-cut
specimens were examined in an FEI Talos F200X S/TEM operating at an accelerating voltage of
200 kV.
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Figure 3.1 Schematic diagram of the brazing process: (a) clamping of the Ag/W contact tip to
the Cu strap between Cu and W electrodes; (b) detail of the tip/strap interface showing the excess
Ag layer on the corrugated Ag/W contact tip surface, the braze metal and the Sn coating on the
Cu strap.
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Figure 3.2 Isothermal section of Ag-Cu-Sn ternary phase diagram at 37 ˚C. Reproduced from
[236].

Figure 3.3 Photograph of an as-grown Ag3Sn single crystal. The underlying grid is marked with
1 mm squares.
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Table 3.1 Nominal compositions of the three alloys.
Composition (atomic %)

Composition (weight %)

Alloy #

Ag

Cu

Sn

Ag

Cu

Sn

50:50

37.5

37.5

25.0

43.0

25.4

31.6

40:60

30.0

45.0

25.0

35.7

31.6

32.7

30:70

22.5

52.5

25.0

27.8

38.2

34.0
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Chapter 4: Microstructural Studies of Ag/W Circuit Breaker Contacts
In this chapter, the structures and properties of Ag/W contacts of the type used in lowcurrent domestic circuit breakers were investigated. The baseline microstructures of the asmanufactured circuit breaker contacts from the contact surfaces, the contact interiors to the braze
joints were presented. The interesting microstructural variations related to the local interfacial
pressure along the braze joints were discussed. The near surface microstructures exhibited by the
contacts in the as-manufactured condition and after standardized UL testing were investigated,
and the degradation mechanisms were discussed. Finally, the influence of extended aging on the
surface structure, electrical properties and UL testing performance of Ag/W circuit breaker
contacts were studied.

4.1 Microstructure Effects in Braze Joints
The joining of metals by brazing involves the use of a filler metal whose melting point,
Tm, is below that of the parts to be joined. When the filler metal is heated to above Tm, it flows
between the close-fitting parts by capillary action, wets the mating surfaces, and then forms a
solid joint upon cooling. Brazing is often performed in a vacuum, under an inert gas shroud or in
the presence of a flux to prevent the oxidation of the molten filler metal. The main distinction
between brazing and soldering is that the Tm values for the filler metals used in brazing are
higher (typically > 450˚C), and the resultant joints are usually stronger [242,243]. Brazing is
used extensively to join copper and copper alloys (brass, bronze etc.), most notably in copper-tocopper piping joints for air-conditioning or refrigeration systems, solar heating, fire sprinkler
systems, thermal exchangers, water supply, fuel oil and natural gas services [242-245].
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The most commonly used filler metals for joining copper alloys are those based on the
Cu-P system (designated BCuP by the American Welding Society [242]). These filler metals
contain 5-7.25 wt.% P and 0-18 wt.% Ag. The P depresses the melting point, Tm, due to the
formation of a eutectic mixture between Cu and Cu3P (eutectic temperature, TE = 714˚C [246]),
increases the fluidity of the Cu in the liquid state, and acts as a de-oxidant so that BCuP filler
metals are self-fluxing under many circumstances. The addition of Ag depresses Tm further due
to the formation of a ternary Ag+Cu+Cu3P eutectic (TE = 646˚C [247,248]), modifies the wetting
and flow characteristics to allow for filling of gaps with different widths, and gives superior
performance in applications where electrical conductivity is important. The liquidus
temperatures, TL, for these BCuP filler metals vary from 810˚C for BCuP-3 (Cu - 5 Ag - 6 P
(wt.%)) to 720˚C for BCuP-4 (Cu - 6 Ag - 7.25 P (wt.%)) While BCuP filler metals are
primarily used for copper and copper alloys, they are also used for joining certain Ag, W and Mo
alloys [242,245].
Here we describe a study on the microstructure of braze joints formed between circuit
breaker contact tips manufactured from a cermet of Ag and W and Sn-coated Cu contact straps
using BCuP-5 filler metal. The braze joints were formed by short-cycle conductive heating from
the Cu strap side. A combination of scanning electron microscopy (SEM), energy-dispersive Xray spectroscopy (EDS), electron backscatter diffraction (EBSD), focused ion beam (FIB)
milling, and transmission electron microscopy (TEM) was used to characterize the joint
microstructures. It is shown that two distinct types of microstructure are formed and that these
are related to local variations in pressure due to the contact tip surface geometry. The way in
which the pressure affects the braze joints microstructure and the possible consequences for bond
strength are discussed.
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4.1.1 Baseline Microstructure of the Filler Metal
The as-received BCuP-5 filler metal shim was in the cold-worked condition and the
microstructure could not be evaluated readily. As such, the filler metal layer on the coated
contacts was used to establish the baseline microstructure. Representative SEM data are
presented in Figure 4.1: Figure 4.1(a) is a BSE image and Figures 4.1(b-d) are the corresponding
X-ray maps obtained from the same area for Cu, Ag and P respectively. These data reveal the
three micro-constitutents clearly: equiaxed primary (Cu) with diameters of up to 30µm and
equiaxed primary (Ag) with diameters of up to 8µm surrounded by the ternary eutectic mixture
(Ag)+(Cu)+Cu3P. Following Takemoto et al. [249] we designate the Cu- and Ag-rich facecentered-cubic (FCC) solid solutions in this system as (Cu) and (Ag), respectively. The area
fractions of these micro-constituents determined by image analysis on BSE images such as
Figure 4.1(a) and the corresponding chemical compositions determined by quantification of
EDXS data from such regions are presented in Table 4.1.
The microstructure of the eutectic micro-constituent was investigated in more detail by
TEM imaging and diffraction on FIB-cut sections through the filler metal. Examples of these
data are shown in Figure 4.2. The bright field (BF) TEM image in Figure 4.2(a) includes regions
of each of the three phases as identified by EDXS analysis. The measured compositions for these
phases were: (Ag) - 94.5 % Ag, 5.5 % Cu; (Cu) - 98.9 % Cu, 1.1 % P; and Cu3P - 87.6 % Cu,
12.4 % P (all in wt.%). The crystal structures and lattice parameters of the phases were
confirmed from zone axis selected-area diffraction patterns (SADPs) such as Figures 4.2(b-d).
The pattern in Figure 4.2(b) was obtained from the region marked “1” in Figure 4.2(a), and this
corresponds to a [011] zone axis for an FCC structure with a0 ≈ 0.41 nm (c.f. Ag: a0 = 0. 4085
nm). Figure 4.2(c) was obtained from the region marked “2” in Figure 4.2(a), and this
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corresponds to the [1213] zone axis pattern for an hexagonal structure with a0 ≈ 0.69 nm and c0 ≈
0.73 nm. This is consistent with the phase being the equilibrium hexagonal polymorph of Cu3P
described by Olofsson [250] (space group P63cm, a0 = 0.6959 nm, c0 = 0.7143 nm). The pattern
in Figure 4.2(d) was obtained from the region marked “3” in Figure 4.2(a), and this corresponds
to a [011] zone axis for an FCC structure with a0 ≈ 0.36 nm (c.f. Cu: a0 = 0. 3608 nm). It was
difficult to estimate the proportions of these phases accurately, but it was clear that Cu3P is the
majority phase with (Ag) and (Cu) in roughly equal proportions. The morphologies of the two
FCC phases was, however, rather different with the (Ag) being more finely dispersed than the
(Cu).

4.1.2 Microstructure of the Braze Joint
The overall microstructure of the braze joint was first investigated by SEM using BSE
imaging and EDXS analysis on metallographic cross sections. These observations revealed the
surprising result that the braze-joint microstructure varied significantly from location to location
within a particular braze joint. Moreover, this variation was more pronounced than the
differences between one joint and another. Thus, all of the braze joints examined exhibited the
same microstructural types and distributions, even when somewhat different process parameters
were used. It is for this reason that we present in the following sections a detailed analysis on a
single braze joint, although we note that these microstructural characteristics are representative
of the many joints that we have investigated.
A low magnification BSE image showing a typical region of the joint ≈ 1.5 mm wide is
presented in Figure 4.3(a). The bright region at the top of the image is the Ag/W contact and the
corrugations on the back surface are evident. The darker region immediately below the Ag/W
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surface is the excess Ag layer; this varies in thickness from about 150 µm in the grooves to
around 30 µm on the protrusions. The dark region at the bottom of the image is the Cu strap, and
the layer between the excess Ag and the Cu strap is the braze joint. The thickness of this layer
varies from 15-40 µm, and the microstructure varies dramatically across the braze joint. For the
purposes of this description, we designate the braze joint underneath the grooves in the Ag/W
contact surface (i.e. below the thick excess Ag layer) as Type I, and the joint below the
protrusions as Type II.
A higher magnification BSE SEM image of the Type I joint is shown in Figure 4.3(b).
The braze-joint microstructure resembles that of the baseline qualitatively, in that the same
micro-constituents appear to be present, but there are significant differences in the proportions of
the phases and in the compositions measured by EDXS. There is more (Cu), less (Ag) and less
eutectic than in the baseline, although the proportions vary somewhat with position in the braze
joint so it is difficult to obtain accurate measures of area fractions. The mean compositions of the
braze metal and of the (Cu) and eutectic micro-constituents are given in Table 4.2. The equi-axed
primary (Ag) regions are less than 0.5 µm in diameter and so it was not possible to measure the
chemistry of these regions without contributions from the surrounding (Cu) and/or eutectic
micro-constituents.
More profound differences were observed in the Type II joint (Figure 4.3(c)). This
microstructure is comprised mainly of the (Cu) phase with (Ag) as a minority phase. There is no
clear evidence for the presence of the ternary eutectic micro-constituent. The mean compositions
of the braze metal and of the micro-constituents are also given in Table 4.2. In many of these
Type II regions, the (Cu) is adjacent to, or appears to emanate from, the Cu strap. This raises the
possibility that the (Cu) in the joint might be growing epitaxially onto the underlying Cu grains
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in the strap. To evaluate this, cross-sectional TEM specimens were FIB-cut from the strap/brazejoint interface in the Type II regions. Examples of data from one such section are shown in
Figure 4.4. The BF image in Figure 4.4(a) shows a large Cu grain in the strap, with several
smaller (Cu) grains in the Type II joint above. The SADP in Figure 4.4(b) was obtained from the
grain in the strap by tilting to the [011] zone axis. The corresponding SADP in Figure 4.4(c) was
obtained by translating the specimen without further tilting so that both the large grain in the
strap and the small grains in the braze joint contribute to the pattern. Combining several such
diffraction experiments gave no clear evidence for epitaxy or for any other preferred orientation
being adopted by the (Cu) grains in the Type II braze-joint regions.
Since the number of grains examined in cross-sectional TEM experiments such as that
shown in Figure 4.4 is necessarily very small, SEM-based EBSD experiments were undertaken
to investigate orientation effects in the braze joint microstructures in more detail. An example of
the data from one such experiment is shown in Figure 4.5. Data on BSE intensity, full EDXS
spectra and EBSD patterns were acquired simultaneously in the area shown. The EDXS spectra
were processed by performing background subtraction, peak fitting and Phi-Rho-Z quantification
to give compositional distributions for the elements Cu, Ag, P and Sn. The EBSD data were
analyzed to give a pattern quality map (PQM) and orientation maps for all Cu-rich phases. The
BSE image, Cu distribution and Ag distribution (Figures 4.5(a-c), respectively) are broadly
consistent with those expected from the data in Figure 4.3(c). Thus, the Type II joint appears to
consist mainly of (Cu) with (Ag) as a minority phase. However, the P distribution (Figure 4.5(d))
shows that there are also probably some isolated phosphides between the (Cu) regions,
particularly away from the interface with the Cu strap. Moreover, the Sn distribution (Figure
4.5(e)) reveals a layer enriched in Sn of up to 1 µm in thickness at the strap/braze joint interface.
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The PQM (Figure 4.5(f)) gives a good indication of the grain size, and this shows that the (Cu)
grain size is far smaller than the phase domain size. Thus, the (Cu) regions are single-phase
regions comprising many smaller grains as suggested by the TEM data (Figure 4.4). The
orientation maps (Figures 4.5(g)&(h)) are also consistent with the conclusions from the TEM
analysis, in that there is no tendency for the (Cu) grains in the braze joint to adopt the orientation
of the grains in the underlying Cu strap. Also, there is no evidence for any strong
crystallographic texture within the braze joint itself.
For comparison, a matching set of data obtained from a region of the same size in the
Type I braze joint is shown in Figure 4.6. Here again, the data are broadly consistent with what
one would expect on the basis of the data such as that shown in Figure 4.3(b). Thus, the
microstructure of the braze joint resembles that of the baseline filler metal microstructure, albeit
rather refined and with somewhat different phase volume fractions. The most notable differences
between the data here and that from the Type II braze joint are that: there is no Sn-rich layer at
the interface with the Cu strap; the primary (Cu) appears to be single crystal (no grain
boundaries); and there is evidence of twinning within the (Cu) in the braze joint.

4.1.3 Discussion
The baseline filler metal microstructure is broadly similar to that reported elsewhere for
BCuP-5 (see, for example, [249,251]). The distribution of the micro-constituents is consistent
with solidification by the following sequence. Firstly, the primary FCC phase (Cu) nucleates in
the liquid. Upon subsequent cooling, the (Cu) grows and the secondary FCC phase (Ag) starts to
form. Both of these phases are leaner in P than the filler metal as a whole (see Table 4.1), so their
solidification leads to the enrichment of the liquid in P. Once the liquid reaches the eutectic
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composition, co-operative growth of the (Ag)+(Cu)+Cu3P occurs. This solidification sequence is
consistent with the equilibrium Ag-Cu-P phase diagrams published by Takemoto et al. [249]
rather than the earlier diagrams by Weigert [252], for which one would expect the formation of
pro-eutectic Cu3P and a more P-lean eutectic mixture. The proportions of the micro-constitutents
calculated by a mass-balance approach from the measured compositions given in Table 4.1 were:
5% (Ag), 36% (Cu) and 59% eutectic. These values correspond closely to those measured by
analysis of BSE SEM images such as Figure 4.1(a): 5% (Ag), 37% (Cu) and 58% eutectic. It was
difficult to obtain accurate and reproducible values of the phase volume fractions within the
eutectic micro-constituent by image analysis, but a similar mass-balance approach using the
measured phase compositions within the eutectic and the published lattice parameters for pure
Ag, Cu and Cu3P gave volume fractions of: 12% (Ag), 20% (Cu) and 68% Cu3P.
Both the compositions and the microstructures of the braze metal differ significantly from
those in the baseline BCuP-5 filler metal. At all points on the braze joint, the P content of the
braze metal is less than that of BCuP-5. This is what one would expect since one of the roles of P
in BCuP alloys is to make them “self-fluxing”. The P is oxidized at the surface of the molten
filler metal and promotes wetting by dissolution of the native oxides on the mating work-piece
surfaces. In the present case there was no measureable loss of P when the BCuP-5 shim stock
was melted onto the Ag/W contact tip because this process was performed in a reducing
atmosphere. The brazing of the coated tip to the Sn-coated Cu strap is, however, performed in air
resulting in significant loss of P. This may also contribute to the difference in thickness between
the braze metal (15-40 µm) and the shim stock (70 µm), although much of this will also be due
to the molten alloy being squeezed out to the sides of the tip during the brazing operation.
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The Type I regions on the braze joint resemble the baseline microstructure, albeit with
different proportions of the micro-constituents. Here again the volume fractions were estimated
based upon a mass-balance approach using the measured overall composition of the Type I braze
metal and those of the micro-constituents (see Table 4.2). The composition of the (Ag) phase
could not be measured directly because these regions were too small, but since the compositions
of the (Cu) and the eutectic were almost the same as those in the baseline filler metal
microstructure, the baseline (Ag) composition (92.7% Ag, 7.3% Cu) was used in the calculation.
On this basis the volume fractions of the micro-constituents would be 4% (Ag), 72% (Cu) and
24% eutectic; this is broadly consistent with the distributions revealed in the BSE SEM images
from such regions (e.g. Figure 4.3(b) and 4.6(a)). The differences between the proportions of the
micro-constituents in the Type I regions and those in the baseline are thus mainly the effect of P
loss. Moreover, the refinement of the phases is what one would expect since these regions cool
more rapidly than the melted shim stock because the brazed components are air-cooled and the
Cu strap will act as a heat sink.
The Type II regions exhibit more profound differences in composition and microstructure
with less than 1% P overall and no clear evidence for any eutectic regions. The microstructure is
instead dominated by the polycrystalline domains of the (Cu) phase with (Ag) in the regions
between the (Cu) phase domains. The P compositional maps (Figure 4.5(d)) indicate that there
are isolated P-rich particles in the braze metal, mainly away from the interface with the Cu strap.
If we assume that these particles are stoichiometric Cu3P (i.e. 86 wt.% Cu, 14 wt.% P) then a
mass-balance calculation using the measured overall composition of the Type II braze metal and
those of the other micro-constituents (Table 4.2) gives volume fractions of 10% (Ag), 89% (Cu)
and 1% Cu3P.
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There are several interesting aspects to the microstructure in the Type II regions as
compared to the Type I regions on the same braze joints: the P content in the braze metal is 2.5x
lower, the braze metal / strap interface has localized retention of Sn, and the eutectic
decomposition appears to have been suppressed completely. We have found no texture or
preferred crystallographic orientation in these regions that could be responsible for such effects.
We note, however, that these regions lie below the protrusions on the Ag/W contact tip, and so it
is tempting to speculate that these phenomena might be due to local variations in pressure during
the joining process. The Young’s moduli of Ag and W are 83 and 411 GPa, respectively. As
such, the regions with the thick excess Ag layer on the back of the contact tip will be somewhat
more compliant than the protrusions with the thin Ag layer. Thus, for a given mean bonding
pressure (2 MPa in this case) the local pressure will be lower in the Type I regions than in the
Type II regions. The local increase in pressure for the Type II regions could: cause a shift in the
eutectic transformation temperature as described in the Clausius-Clapeyron relations [253]; lead
to the preferential exclusion of P due to the stress gradient [254,255]; and reduce the solubility of
Sn slowing the dissolution of the Sn coating on the Cu strap [256]. Moreover, the higher pressure
in these regions could promote the nucleation of (Cu) in the liquid braze metal resulting in a finer
grain size as observed experimentally in other eutectic systems (see, for example, [257,258]).
Finally, we note that the compositional and microstructural differences in the Type II
regions are likely to have important consequences for the bond strength, since it has been shown
empirically that the corrugated tips used here bond more effectively to Cu than flat tips of the
same composition and microstructure.
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4.1.4 Summary
Electron microscopy studies have been performed on braze joints formed between Ag/W
electrical contact tips and Sn-coated Cu straps using BCuP-5 filler metal; the findings have been
compared with observations on a baseline solidification microstructure for BCuP-5. The main
findings are:
1. The baseline BCuP-5 filler metal microstructure contains three micro-constituents:
FCC (Ag), FCC (Cu), and a ternary eutectic. The volume fractions of these micro-constituents
are 5%, 36% and 59%, respectively. The ternary eutectic is a mixture of 12% (Ag), 20% (Cu)
and 68% Cu3P.
2. Two distinct types of microstructure (designated Type I and Type II) are formed in the
braze joints.
3. Regions with Type I microstructures exhibit the same micro-constituents as the
baseline but with different volume fractions (4% (Ag), 72% (Cu) and 24% eutectic). This can be
accounted for on the basis of a lower P content in the braze metal (2.4 wt.%) than in the baseline
(5.4 wt.%) due to the self-fluxing behavior of BCuP-5 during brazing. The (Cu) phase domains
in these regions are single crystal and there is complete dissolution of the Sn layer on the strap.
4. In Type II regions the FCC micro-constituents dominate the microstructures with 10
vol.% (Ag) and 89 vol.% (Cu). There are no eutectic regions and Cu3P is instead present as a
minority phase (1 vol.%). The P content is significantly lower in these regions (0.9 wt.%), but
the suppression of the eutectic transformation cannot be explained on this basis alone. The (Cu)
phase domains in these regions are polycrystalline. There is no evidence of these (Cu) grains
adopting epitaxial orientations with respect to the underlying Cu grains in the strap, nor is there
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any strong texture within the phase domains. There is also a discontinuous Sn-enriched layer at
the braze metal / strap interface.
5. Since the Type II regions lie below ridges on the Ag/W contact tip surface and the
Type I regions lie below the grooves, differences in local interfacial pressure during bonding are
probably responsible for the microstructural variations. Such pressure differences could cause a
shift in the eutectic transformation temperature, promote the removal of P fluxing products,
reduce the solubility of Sn, and promote the nucleation of (Cu) in the liquid braze metal,
resulting in the microstructural effects observed experimentally.
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Figure 4.1 SEM/EDXS data obtained from the BCuP-5 filler metal solidified onto the back of a
contact tip: (a) BSE image; (b-d) X-ray maps obtained from the region shown in (a). The maps
represent the integrated intensities in 200 eV windows centered on the Cu L, Ag L and P K
peaks, respectively. Spectra were acquired by scanning repeatedly over a grid of 400 × 256
points in an area of 112 x 84 µm.
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Figure 4.2 TEM data obtained from the eutectic micro-constituent in the BCuP-5 filler metal
solidified onto the back of a contact tip: (a) BF TEM image; (b-d) SADPs obtained from the
regions labeled 1, 2 and 3 in (a), respectively. The patterns in (b) and (d) are presented at the
same scale, whereas the pattern in (c) was acquired at a higher camera length (roughly 2.5x that
in the other patterns) to enable the closely-spaced diffraction maxima to be labeled clearly.
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Figure 4.3 BSE SEM images of the braze joint: (a) overall morphology of the interface showing
the two types of joint and their locations; (b) Type I braze joint microstructure; (c) Type II braze
joint microstructure.
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Figure 4.4 TEM data obtained from a FIB-cut cross-section through the interface between the
Cu strap and the Type II braze joint: (a) BF TEM image; (b) [011] zone axis SADP from the
large grain in the Cu strap in (a); (c) SADP obtained at the same orientation but including
contributions from the grain in the Cu strap and the (Cu) grains in the Type II joint in (a).
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Figure 4.5 SEM/EDXS/EBSD data obtained from a region of Type II braze joint: (a) BSE
image; (b)-(e) compositional maps obtained from the region shown in (a). The maps represent
the quantified contents of the appropriate elements calculated from the integrated intensities
(after background subtraction) in the Cu L, Ag L, P K and Sn L peaks, respectively. (f) EBSD
pattern quality map. (g,h) EBSD orientation maps color-coded to the inverse pole-figure color
table shown in (i) for: (g) the sample surface normal, Z; (h) the horizontal axis, X. BSE intensity,
EDXS data and EBSD data were acquired simultaneously by scanning over a grid of 297 x 210
points in an area of 90 x 63 µm.
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Figure 4.6 SEM/EDXS/EBSD data obtained from a region of Type I braze joint: (a) BSE image;
(b)-(e) compositional maps obtained from the region shown in (a). The maps represent the
quantified contents of the appropriate elements calculated from the integrated intensities (after
background subtraction) in the Cu L, Ag L, P K and Sn L peaks, respectively. (f) EBSD pattern
quality map. (g,h) EBSD orientation maps color-coded to the inverse pole-figure color table
shown in (i) for: (g) the sample surface normal, Z; (h) the horizontal axis, X. BSE intensity,
EDXS data and EBSD data were acquired simultaneously by scanning over a grid of 297 x 210
points in an area of 90 x 63 µm.
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Table 4.1 Mean values of the measured chemical compositions for the individual microconstituents and the overall microstructure of the baseline filler metal. EDXS spectra were
acquired in the SEM from a metallographic cross-section of the BCuP-5 filler metal solidified
onto the back of a contact tip. Quantification of the data was performed using library standards
with Phi-Rho-Z corrections.
Micro-constituent Area Fraction Composition (wt. %)
Ag

Cu

P

(Ag)

5%

92.7

7.3

-

(Cu)

37%

3.7

95.3

1.0

Eutectic

58%

15.7

75.6

8.7

Overall

100%

15.1

79.5

5.4

88

Table 4.2 Mean values of the measured chemical compositions for the individual microconstituents and the overall microstructure of the braze metal in the two different types of braze
joint microstructures. EDXS spectra were acquired in the SEM from a metallographic crosssection of the appropriate regions, and quantification of the data was performed using library
standards with Phi-Rho-Z corrections. No data are given for the (Ag) in the Type I regions
because this micro-constituent was too small to obtain data without contributions from the
surrounding phase(s). No data are given for the eutectic in the Type II regions because this
micro-constituent was not observed in such regions.
Micro-constituent

Type I (wt. %)

Type II (wt. %)

Ag

Cu

P

Ag

Cu

P

(Ag)

-

-

-

91.7

8.3

0.0

(Cu)

3.8

3.4

95.7 0.9

95.1 1.1

Eutectic

18.1 75.2 6.7

Overall

11.0 86.6 2.4
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-

-

-

12.3 86.8 0.9

4.2 Surface Degradation During Standardized UL Testing
Standalone circuit breakers must pass a set of standardized acceptance tests established
by Underwriters’ Laboratories Inc. (UL), as described in the standards document UL489 [22].
These tests are designed to simulate extreme performance conditions to ensure that the circuit
breakers meet certain minimum standards for performance and safety. For breakers that are to be
used in residential applications, there are typically three kinds of UL standard tests applied:
overload/temperature-rise test, endurance test, and short-circuit test. While these UL standard
tests have been performed routinely on circuit breakers for decades, we are not aware of any
detailed studies into the effect of these testing conditions on the microstructures of the contacts.
Such studies could provide a valuable insight into the mechanisms of degradation and failure
during testing.
In the following sections we have been investigating the structure and properties of Ag/W
contacts of the type used in low-current standalone circuit breakers for domestic applications.
We have been trying to develop a basic understanding of the contact composition, processing
and performance relationships in the current generation of Ag/W circuit breaker contacts. These
studies will then serve as a reference point to the development of alternate metallic phases that
might replace the expensive Ag in circuit breakers. Here we present a study on the near-surface
microstructures exhibited by commercial Ag/W circuit breaker contacts in the as-manufactured
condition and after standardized UL testing. These microstructural characteristics have been
evaluated using a combination of: scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDXS), focused ion beam (FIB) milling, and transmission electron microscopy
(TEM). It is shown that dramatic changes occur in the morphology, structure and distribution of
the phases present at the contact surface, even for contacts from breakers that pass the standard
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UL tests. The significance of these observations for the properties and performance of the
breaker contacts is discussed.
Examples of the samples cut from the breaker arms in untested breakers and in breakers
that had undergone UL overload/temperature-rise, endurance and short-circuit tests are shown in
Figure 4.7. For the sample from the untested breaker (Figure 4.7(a)) both the circular contact and
the breaker arm exhibit a characteristic silver-gray metallic sheen as one might expect for an
Ag/W cermet and an Sn-coated Cu strap, respectively. We note, however, that there was some
minor discoloration particularly in the center of the contact surface. Much more extensive
discoloration of the metal was noted for the samples from the tested breakers (Figures 4.7(b-d)).
This was accompanied by the formation of a sooty deposit, particularly in the case of the samples
from the breakers that had been subjected to endurance and short-circuit tests. In preliminary
experiments the deposited material caused complications with both the measurement of contact
resistance and the evaluation of surface microstructure. As such, all samples were rinsed in, or
swabbed gently with, ethanol to remove any loose surface material before performing contact
resistance measurements or microstructural characterization. We note that this procedure is
unlikely to have a significant effect on the properties or structures of the contacts since the
mating contacts meet with a mechanical swiping motion during breaker closure [19,259].

4.2.1 Contact Resistance
The contact resistance data obtained from the rinsed and wiped contacts are summarized
in Table 4.3. The Ag/W contacts from the untested circuit breakers exhibit consistently low
contact resistances with a mean of Rc = 1.68 mΩ and a standard deviation of 0.30 mΩ. All of the
contacts from the UL-tested breakers exhibited higher contact resistance values, with the most
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pronounced differences being for those from endurance and short-circuit tested breakers. The
mean value of Rc for contacts from the overload/temperature-rise tested breakers (3.02 mΩ) is
about twice that for the untested breakers, while the values for contacts from endurance and
short-circuit tested breakers are approximately three and four orders of magnitude higher,
respectively (2.13 Ω and 12.88 Ω, respectively). The standard deviations reveal that while the Rc
values for contacts from overload/temperature-rise tested breakers are very consistent, there is
much greater variability in the values obtained for contacts from endurance and short-circuit
tested breakers. We note that this variability in Rc was also observed from location to location on
each contact surface, rather than being just sample-to-sample variation. The microstructural
origins of this variability are considered in sections below.

4.2.2 Phase Identification by XRD
The crystalline phases present at the contact surfaces were identified using XRD data
obtained in Bragg-Bretano geometry from the circular contact surfaces of the Ag/W contact tips.
Representative examples of the XRD data obtained from untested breaker contacts and from
contacts in overload/temperature-rise, endurance and short-circuit tested breakers are shown in
Figure 4.8. The data from the untested breaker tips (Figure 4.8(a)) exhibit four strong peaks in
the 2θ range of 20˚-60˚. The peaks at 38.21˚ and 44.40˚ correspond to those expected for the
{111} and {200} planes, respectively, in face-centered-cubic (FCC) Ag with a lattice parameter
of a0 = 0.4086 nm. Similarly, those at 40.35˚ and 58.34˚ correspond to the {110} and {200}
peaks, respectively, for body-centered cubic (BCC) W with a0 = 0.3165 nm. These four peaks are
also present in the data from the overload/temperature-rise and endurance tested contacts (e.g.
Figures 4.8(c)&(e)), although in both cases the W peaks are more intense than the Ag peaks
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whereas in the data from the untested breaker contacts the converse is true. This suggests that
there may be some Ag loss or re-distribution during testing, and indeed in the XRD data from the
short-circuit tested contacts only the two W peaks are present, as shown in Figure 4.8(g).
When the data are plotted on an enlarged vertical scale weak peaks from minority phases
are observed. The data from the untested breaker contacts (Figure 4.8(b)) contain additional
peaks corresponding to the equilibrium triclinic polymorph of WO3 (a0 = 0.7309 nm, b0 =
0.7522 nm, c0 = 0.7678 nm, α = 88.81°, β = 90.92°, γ = 90.93°, P1) [260]. There is also a single
peak at the position expected for {0002} in the layered hexagonal modification of the Ag2O
structure first reported by Kabalkina et al. [261] (a0 = 0.3072 nm, c0 = 0.4941 nm, γ = 120°,
P3m1) and a single peak at 52.27˚ corresponding to {200} for FCC Ni (a0 = 0.3524 nm). These
peaks were also present in the data from the overload/temperature-rise tested contacts (Figure
4.8(d)), but there are additional weak peaks corresponding to the orthorhombic Ag2WO4 phase
(a0 = 1.0890 nm, b0 = 1.2030 nm, c0 = 0.5920 nm, Pn2n) [1,262,263] in these data. The minority
phase peaks were much more intense in the XRD data from the endurance tested contacts (Figure
4.8(f)), and indeed several of these peaks are clearly present even in the full-scale plot (Figure
4.8(e)). Here again, all of these peaks could be indexed to one or more of: triclinic WO3,
orthorhombic Ag2WO4, hexagonal Ag2O, and FCC Ni. The minority phase peaks in the data
from the short-circuit tested contacts (Figure 4.8(h)) were much weaker and corresponded to the
Ag, WO3, Ag2O and Ni phases, with no evidence for the presence of Ag2WO4.

4.2.3 Microstructure of Contacts from Untested Breakers
Firstly the surface structure of the Ag/W contacts from the untested breakers was
investigated using SE imaging, BSE imaging and EDXS analysis in the SEM. A selection of

93

typical images is shown in Figure 4.9. The overall morphology of the contact surface was
revealed in low-magnification SE images such as Figure 4.9(a). While the surface is in general
flat and smooth, there are some minor variations in topography and in surface contrast, which
may relate to the discoloration observed optically in Figure 4.7(a). The topographical detail was
revealed in higher-magnification SE images such as Figure 4.9(b). There is fine-scale (sub-µm)
surface roughness evident in such images together with occasional dark features that resemble
residual pores from the powder metallurgy processing of these materials. The character of the
surface features is revealed more clearly in BSE images such as Figure 4.9(c), which was
obtained from the same area as Figure 4.9(b). There are three distinct levels of contrast in such
images: black features that correspond to pores or cracks, with dark and light gray regions
corresponding to the majority of the metal surface. Since the contact is comprised of Ag and W,
which are essentially immiscible and have rather different atomic numbers (Z = 47 and 74 for Ag
and W, respectively), the different levels of gray are presumably compositional contrast with the
light gray being the high-Z W and the dark gray being the lower-Z Ag. This is consistent with
the average surface composition of 89.4% Ag, 7.7% W and 2.9% O (wt. %) measured from this
region by acquiring EDXS data while scanning the beam repeatedly over the field of view. Both
the area fraction of the bright contrast in Figure 4.9(c) and the W content measured by EDXS are
far lower than those anticipated for W on the basis of the overall contact composition (40% Ag,
60% W), and the reasons for this are revealed in BSE SEM images obtained from cross-sectional
samples such as those shown in Figure 4.10.
Figure 4.10(a) is an overall low-magnification view showing the smooth upper contact
surface, the corrugated lower surface, the excess Ag layer, the braze joint, and the Sn-coated Cu
breaker arm; each of these regions exhibits a different contrast in the BSE image due to
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differences in overall composition and hence in backscattering coefficient. There is some
residual porosity present both within the Ag/W contact and at the contact surface, which is
consistent with the results from surface imaging such as the examples shown in Figure 4.9. A
higher magnification BSE image is shown in Figure 4.10(b). Here again, the light gray regions
are W, the darker gray regions are Ag, and the black features are residual porosity. The mounting
media also appears very dark because it is comprised of a mixture of Ni powder (Z = 28) and
polymer, so we would expect a much lower backscattered yield from the mount than from Ag or
W. Images such as these reveal that there is a Ag-rich surface layer of up to 7 µm in thickness,
which would help to explain the apparent discrepancy between the overall contact composition,
the measured surface composition, and the amount of exposed W revealed in BSE images such
as Figure 4.9(c).
A more detailed investigation into the microstructure of these contacts was performed
using TEM, and a summary of these observations is presented in Figure 4.11. Images obtained
from FIB-cut cross-sections through the contact surface revealed that the Ag-rich surface layer is
comprised of nano-crystalline Ag. This layer extends across the whole surface with a few nm of
nano-crystalline Ag even on the regions with “exposed” W. A BF image showing an example of
such a region is shown in Figure 4.11(a). Images of the interior of the contact obtained from
electro-polished and ion-milled foils show that there are two distinct types of microstructure:
fine-grained (100-500 nm) Ag mixed with coarse-grained (>> 1 µm) W as shown in Figure
4.11(b), and coarse-grained (>> 1 µm) pockets of pure Ag as shown in Figure 4.11(c). These
regions presumably correspond to the composite powder particles and the infiltrated Ag used to
fill the residual porosity, respectively. The overall microstructure is summarized schematically in
Figure 4.11(d): the bulk of the interior is comprised of sintered composite Ag/W particles with
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coarse-grained W and fine-grained Ag; the residual porosity from the sintering process is filled
with a coarse-grained Ag; and the surface is covered by a thin layer of nano-crystalline Ag.

4.2.4 Microstructure of Contacts from Breakers After UL Testing
1) Overload/Temperature-Rise Testing
SEM was used to observe the surface morphology and near-surface microstructure in the
Ag/W contacts from overload/temperature-rise tested breakers, and a selection of typical images
is presented in Figure 4.12. The overall contact surface morphology was revealed in low
magnification SE images such as Figure 4.12(a); the surface is rougher and more uneven than
that for the untested breakers (Figure 4.9(a)), and there are more obvious variations in surface
contrast, which may be related to the extensive discoloration revealed in Figure 4.7(b). Higher
magnification SE images, such as Figure 4.12(b), show that the contact surface is porous with
protruding particulate features. The average surface composition measured from this region is
45.6% Ag, 49.4% W and 5.0% O (wt. %); this is lower in Ag and higher in W and O than the
surface composition of the contacts from untested breakers, but is still W-lean when compared
with the overall composition of the contact.
The phase distribution was revealed in BSE images obtained from metallographic crosssections through the contacts. Figure 4.12(c) is a low magnification BSE image of the overall
metallographic cross-section, showing that the pore density at the contact surface is significantly
higher than for the untested contacts. Higher magnification BSE images such as Figure 4.12(d)
revealed that the Ag-rich surface layer observed on untested contacts is no longer present, and
there is instead a highly porous surface layer of up to 30 µm in thickness. Point EDXS analyses
on the metallographic cross-sections indicate that the layer is comprised of a mixture of Ag, W
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and oxide phases. However, due to the porosity and topography of this layer it was not possible
to produce TEM samples from the surface to investigate the distribution of these phases further.
2) Endurance Testing
Examples of the SEM data obtained from contacts in breakers subjected to endurance
tests are presented in Figure 4.13: SE images from the contact surface are shown in Figures
4.13(a-c) and BSE images from metallographic cross-sections are shown in Figures 4.13(d-f).
Low magnification images (e.g. Figures 4.13(a)&(d)) show that the surface is very rough and
uneven with very large variations in contrast from location to location. The cross-sectional
images (Figure 4.13(d)) also reveal that there is a variation across the surface with more
significant loss of materials from the surface on the right hand side than the left. We note that the
plane of the cross section contains the swiping direction of the breaker closure, and that the
contact tip on the breaker arm swipes across the fixed contact from right to left in this image.
Thus the region in which the surface erosion is more pronounced is the point at which the
breaker arm contact first meets the fixed contact.
Higher magnification SE images revealed that there were two types of topographic detail
on the surface. The first type (Figure 4.13(b)) consists of relatively smooth flat “plateau” regions,
separated by rough depressions with undulations on the scale of microns. These regions are more
prevalent on the side of the contact that exhibited less obvious erosion. Such areas are decorated
by a large number of particulate features up to 1µm across. In cross-sectional BSE images
(Figure 4.13(e)) such regions exhibit a fairly dense surface layer, up to 30 µm in thickness. This
layer contained through-thickness cracks and large pores were present between the layer and the
Ag/W mixture below. The compositions measured from such areas by EDXS lay in the range 1822% Ag, 63-64% W and 14-18% O (wt. %). Thus, there is far less Ag but more W and O at the
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contact surface in such regions than for contacts from untested or overload/temperature-rise
tested breakers.
The second type of region (Figure 4.13(c)) was more representative of the heavily eroded
side of the contact. Such regions exhibit nodular protrusions tens of microns in height distributed
across smoother undulating regions of the surface, and here again the surface is decorated
heavily with particles. The EDXS measurements from such areas reveal that they are enriched in
W as compared to the first type of region, with overall compositions of 12-15% Ag, 70-80% W
and 6-15% O. Higher magnification BSE images such as Figure 4.13(f) show that the nodules
exhibit uniform bright contrast, and point EDXS analyses indicate that these nodules are
comprised of pure W. The areas surrounding the nodules are highly porous and exhibit mixtures
of bright and dark contrast consistent with this being a mixture of Ag, W and oxide phases.
Here again, the complexity of the microstructure, together with the porosity and
topography of the surface precluded the use of TEM to investigate the distribution of these
phases further.
3) Short-Circuit Testing
The SEM data obtained from contacts in breakers that had been subjected to short-circuit
tests revealed a very different surface topography and phase distribution; examples of these data
are presented in Figure 4.14. The low magnification SE images (Figure 4.14(a)) reveal a rather
rough overall topography with occasional nodular features similar to those seen on the eroded
contact surfaces for the endurance-tested breakers. However, in higher magnification SE images,
such as Figure 4.14(b), most of the surface appears much smoother consisting of a continuous
layer with large pores up to 50 µm in diameter. It is the distribution of these pores that gives the
overall rough appearance at lower magnifications. EDXS data obtained from such regions gave
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an average surface composition of 5.0% Ag, 91.5% W and 3.5% O (wt. %); thus the layer is
highly enriched in W and the surface O content is similar to that for the contacts from the
untested breakers. We note that images obtained at yet higher magnifications, such as the inset to
Figure 4.14(b), reveal a distribution of fine sub-micron particles distributed across the surface of
the W-rich layer. These particles are too small to obtain EDXS measurements of composition in
the SEM without interference from the underlying layer, but by comparing point analyses
obtained with the beam on and off these particles it is clear that they are highly enriched in Ag.
Low magnification BSE images such as Figure 4.14(c) obtained from metallographic
cross-sections through the contacts reveal profound changes in the contact geometry and
integrity. Most of the contacts from short-circuit tested breakers contained cracks through the
mid-plane of the contact parallel to the contact surface, similar to those reported previously by
Wingert [264]. There was also much more extensive material loss at the contact edges than in
any of the other types of contact leading to a more rounded or dome-like morphology. The
contact surfaces exhibited a bright crust with large pores, and higher magnification images such
as Figure 4.14(d) show that this surface layer is up to 50 µm in thickness. The EDXS data
obtained from this layer indicate that the crust is essentially pure consolidated W with pores
exposing the Ag/W phase mixture of the contact below. This is broadly consistent with previous
cross-sectional SEM observations of Ag/W contacts tested at high applied currents (for example
Refs [122,265]).
The surface microstructure was investigated in more detail by TEM imaging and
diffraction on FIB-cut cross-sections through the contact surfaces, and examples of these data are
shown in Figure 4.15. The BF TEM image in Figure 4.15(a) shows one of the larger deposit
particles on the W surface. The particle is approximately 2.5 µm in diameter and the composition
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measured by EDXS from the region labeled “1” in Figure 4.15(a) is 94.2% Ag and 5.8% Cu
(wt. %). The corresponding SADP in Figure 4.15(c) is a [011] zone axis pattern for an FCC
structure with a0 ≈ 0.41 nm (c.f. Ag: a0 = 0.4086 nm), and so this is a solid solution of Cu in Ag.
Following the convention described by Takemoto et al. [249], this phase is designated as (Ag).
We note that the composition measured from the region labeled “2” in Figure 4.15(a) is 98.9%
W and 1.1% Cu (wt. %) and the corresponding SADP is a [111] zone axis pattern for a BCC
structure with a0 ≈ 0.32 nm (c.f. W: a0 = 0.3165 nm); this suggests that there is also some Cu in
solid solution within the BCC W layer. There is also a fine nano-crystalline layer of up to
180 nm in thickness covering the W layer between the (Ag) particles. A BF image showing an
example of this nano-crystalline layer is shown in Figure 4.15(b). The measured composition
from the region labeled “3” is 88.6% W, 1.0% Cu and 10.4% O (wt. %). Analysis of the SADPs
from such regions was more challenging because the grains are too small to allow for tilting to
low-index zone axes. However, by careful analysis of many off-axis patterns such as Figure
4.15(e), which was obtained from the region labeled “3” in Figure 4.15(b), it appears that the
nano-crystalline layer is comprised of the triclinic WO3 phase.

4.2.5 Discussion
As summarized in Figure 4.11(d), the overall microstructure of the contacts consists of
sintered composite Ag/W particles with a pure Ag infiltrate filling most of the residual porosity.
Although the whole contact goes through the same thermal cycle during the infiltration process,
the grain size of the Ag in the sintered composite regions is significantly finer (100-500 nm) than
that in the infiltrate (>>1 µm). This is presumably due to the effects of the W in the composite
regions giving enhanced nucleation of Ag grains from the melt and/or more limited grain growth
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in the solid Ag. The contacts from the untested circuit breakers also exhibit a thin nanocrystalline Ag surface layer, which arises due to the chemical and mechanical finishing processes
used during the manufacture of these contacts. It is this layer that is responsible for the apparent
discrepancy between the Ag to W ratio revealed in BSE images and EDXS spectra obtained from
the contact surface, and the overall contact composition (40% Ag, 60% W). These contacts
exhibit very little variability in the contact resistance (Rc = 1.68 mΩ, standard deviation =
0.3 mΩ), presumably because the contact surfaces are flat, smooth and uniform on the scale of
the ASTM test (contact area of ≈ 10-3 mm2). We note that these Rc values are slightly higher than
those measured in our work (not shown here) for freshly manufactured contacts that have not
been assembled into breakers (Rc ≈ 1.5 mΩ). The contacts from untested circuit breakers also
exhibit a surface discoloration that is visible with the naked eye and surface oxides (WO3 and
Ag2O) from the XRD data, neither of which is present on freshly manufactured contacts. Since
the resistivities of WO3 (4x104 Ω cm [266]) and Ag2O (7x108 Ω cm [267]) are orders of
magnitude higher than those of W and Ag, it is tempting to speculate that the discoloration, the
oxide phases, and the increased contact resistance values are related. There are three main
reasons why such differences might occur. First, the kinetics of native oxide formation might be
enhanced even at ambient conditions because of the nano-crystalline structure exhibited by the
surface layer. Thus, the discoloration and oxide formation could simply be a function of the time
between the manufacture of the breakers and the analysis performed here. Second, the surface
might undergo accelerated oxidation during the short thermal cycle associated with brazing the
contact tip onto the breaker arm. Third, oxidation might occur during post-assembly acceptance
testing. This latter process is a quality control procedure wherein each breaker is tripped once at
a fixed multiple of the rated current to ensure that the breaker mechanism operates properly. In
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this context, we note that the term “untested breakers” is somewhat of a misnomer; while these
breakers have not undergone the standard UL tests, no breaker leaves the production facility
without passing this acceptance test.
There are several distinct differences between the contacts from the “untested” breakers
and those from the overload/temperature-rise tested breakers. The latter contacts exhibit more
extensive surface discoloration and oxide formation (including the appearance of Ag2WO4,
which has a resistivity of 8x103 - 1.15x104 Ω cm [268]), higher and more variable contact
resistances (Rc = 3.02 mΩ, standard deviation = 0.94 mΩ), rougher surfaces, and preferential loss
of Ag. The mechanism for the Ag loss is unclear. This could be due to direct vaporization of the
Ag during the overload cycles, or it may be accelerated oxidation due to the temperature rise
with ablation of the oxides by the arc on the subsequent overload cycle(s). Whatever the process
involved, it is clear that the nano-crystalline Ag layer has been removed, as has some of the Ag
in a layer of up to 20 µm in thickness at the surface. The resulting contact surface is rougher,
more porous, and has more oxides present, all of which could contribute to the increases in the
mean value and the standard deviation for Rc.
The surface degradation is much more complicated for the contacts from endurance
tested breakers. The contacts exhibit more pronounced discoloration and soot formation, the Rc
values are three orders of magnitude higher (2.13 Ω) and are far more variable (standard
deviation = 1.73 Ω), and the XRD data show that the volume of the oxides (WO3, Ag2O and
Ag2WO4) present on the surface is much greater. This is consistent with previous model switch
and arcing studies on Ag/W contacts in which arc erosion has been shown to lead to the
formation of WO3 and Ag2WO4, and significant increases in contact resistance [1, 8, 10, 99]. The
electron microscopy data show that there are also significant differences in the final surface
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microstructure across the contact from one side to the other, and this relates to the direction in
which the fixed and moving contacts swipe across one another during breaker closure. At the
point where the contacts first meet (right hand side in Figures 4.13(d)&(f)) there is extensive
erosion giving a rough, porous, W-rich surface with significant oxidation. There are also
occasional nodular protrusions of pure W, tens of µm in width and height, distributed across
these regions. On the opposite side of the contacts, there is a build-up of an oxide-rich layer tens
of µm in thickness. The likely processes involved in the formation of this complex structure
include: evaporation/ablation of material during arcing under load; enhanced surface oxidation
due to increases in temperature from arcing and/or mechanical abrasion; and mechanical
“sweeping” of material from one side of the contact surface to the other. A combination of such
processes could account for most of the microstructural features and phases observed, but it is
not possible to determine the relative contributions and sequence of these different mechanisms
from the data presented here. We note that the pure W nodules on the eroded regions of the
surface are significantly larger than the coarsest W powder particles used in the production of
these contacts. This suggests that they form by fusing of large W particles brought into relief by
extensive loss of Ag. Thus the localization of the arc energy at protruding W particles must raise
the local temperatures to above the melting point of pure W (3422 ˚C). The extensive loss of Ag
and oxidation of Ag and W, together with the complex variable microstructure and topography
of the resulting surface, would help to explain both the dramatic rise in the mean value of Rc for
these contacts and the large standard deviation in the measured values.
The situation is rather more straightforward for the contacts from short-circuit tested
breakers. Here again, the contacts exhibit pronounced discoloration and soot formation, and high
values of Rc (12.88 Ω) with very large variation in the measurements (standard deviation =

103

38.44 Ω). In this case, however, the extent of the oxidation is more limited with XRD peak
intensities for WO3 and Ag2O comparable to those from the overload/temperature-rise tested
breakers, but no evidence for Ag2WO4. The tungstate phase is presumably absent because it is
relatively unstable and would decompose or vaporize under the intense arc in the short-circuit
test [1,115]. The electron microscopy data reveal a very different microstructure from that
exhibited by any of the other contacts. The contact surface is covered by a thick fused W layer
indicating that the overall surface temperature has exceeded 3422 ˚C during the intense shortcircuit arcing. Since the boiling point of liquid silver is only 2162 ˚C, one would expect the
direct vaporization of Ag to occur. Evidence for this can be seen in the form of Ag-rich islands
on the surface of the W layer; these presumably form by condensation during cooling. It is
interesting to note that there is Cu present both in the Ag-rich islands and in the W layer. Since
there is no Cu present in the contacts, this must come from the Cu breaker arm and/or the CuAg-P braze alloy used to attach the contact to the breaker arm (see Section 4.1). There are large
equi-axed pores in the W layer that expose the Ag/W phase mixture below. These could arise
due to de-wetting of the phase mixture by the molten W, but they might also be related to the
vaporization of the Ag. Indeed in regions such as that shown Figure 4.14(d), some of the pores in
the W layer appear to lie above the larger pores in the contact below, suggesting that they may
have opened up due to the vapor pressure built-up by the vaporization of Ag. The large midplane cracks can also be explained on the basis of the thermal spike at the surface during shortcircuit arcing. Since there is no evidence of melting in the Cu breaker arm, we estimate that the
peak temperature difference across the contact is at least 2500˚C. The very high thermal stresses
that would result from this temperature gradient would be exacerbated locally by differences in
the thermal expansion coefficients of Ag and W and by residual porosity. The very high mean
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values of Rc and standard deviation in the individual measurements can be explained as the
combined effects of: the high resistivity nano-crystalline oxide layer covering the W crust; the
porosity in the W crust and in the underlying Ag/W mixtures; and the mid-plane cracking that
dramatically reduces the effective cross-section of the contact.

4.2.6 Summary
The near-surface microstructural characteristics and contact resistance behavior of the
Ag/W contacts from commercial 120 V, 30 A circuit breakers in the as-manufactured condition
and after standardized UL overload/temperature-rise, endurance and short-circuit testing have
been investigated, and the main findings are:
1. The overall microstructure of the Ag/W contacts is comprised of three different
constituents: sintered Ag/W composite particles with fine-grained (100-500 nm) Ag and coarsegrained (>>1 µm) W, coarse-grained (>>1 µm) pockets of Ag infiltrate, and a nano-crystalline
Ag surface layer. The three different Ag grain sizes arise due to the effects of different steps in
the manufacturing process.
2. Untested breaker contacts exhibit low, uniform contact resistances (Rc = 1.68 mΩ,
standard deviation = 0.3 mΩ), but some surface oxides (WO3 and Ag2O) are present even at this
stage. This can be attributed to some combination of: native oxide formation, the thermal cycle
for brazing of the contact to the breaker arm and the post-production quality control acceptance
test.
3. After UL overload/temperature-rise testing, the contacts exhibit somewhat higher and
more variable values of Rc (3.02 mΩ, standard deviation = 0.94 mΩ), corresponding to the
development of a more porous W-rich surface layer with oxide phases including Ag2WO4. The
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preferential loss of Ag from the surface layer is consistent with Ag either evaporating from the
surface or oxidizing preferentially and being ablated from the surface.
4. The UL endurance testing results in contacts with: much higher and more variable
contact resistances (2.13 Ω, standard deviation = 1.73 Ω), and dramatic increases in the amount
of WO3, Ag2WO4 and Ag2O present at the surface. The contacts also show significant
microstructural variation across the surface: on one side there is extensive erosion with a W-rich
surface and fused nodules of pure W, on the other there is extensive build-up of oxide phases.
These microstructural features are related to sweeping of material across the surface due to the
swiping motion of the contacts over one another during breaker closure.
5. The contacts from the breakers subjected to UL short-circuit testing, exhibited even
higher and more variable contact resistances (12.88 Ω, standard deviation = 38.44 Ω), but much
lower levels of oxide phases at the surface. These features correspond to the melting and resolidification of W during testing to form a crust across the contact surface. Most of the Ag at the
surface is lost by vaporization during this process but some condenses as fine islands across the
crust surface during cooling. The contacts also develop large mid-plane cracks due to the thermal
stresses that develop during testing.
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Figure 4.7 Examples of samples cut from the circuit breaker arms with the circular Ag/W
contact tips attached: (a) untested breaker; (b) after overload/temperature-rise testing; (c) after
endurance testing; (d) after short-circuit testing.
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Figure 4.8 XRD data obtained from contact tips in breakers: (a,b) untested; (c,d) after
overload/temperature-rise testing; (e,f) after endurance testing; and (g,h) after short-circuit
testing. In each case the figure on the left (a,c,e,g) is at full scale showing the main peaks,
whereas the figure on the right (b,d,f,h) is the same data set on an expanded vertical scale to
reveal the weak peaks from minority phases.
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Figure 4.9 Examples of SEM data obtained from the contact surface of the Ag/W contacts from
untested breakers: (a) overall SE image; (b) higher magnification SE image; (c) BSE image
obtained from the region shown in (b).

109

Figure 4.10 Examples of BSE SEM images obtained from metallographic cross-sections through
the Ag/W contacts on Cu breaker arms from untested breakers: (a) overall cross-sectional view
through the contact; (b) higher magnification image of the region near the contact surface.
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Figure 4.11 Examples of TEM data obtained from the Ag/W contacts from untested breakers:
(a) high-magnification BF image of a FIB-cut cross-section through the contact surface; (b-c)
lower-magnification BF images of the contact interior revealing the presence of two forms of Ag
with different microstructures. (d) Schematic diagram of the phase distribution for Ag and W;
the inset shows the near-surface microstructure in more detail.
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Figure 4.12 Examples of SEM data obtained from the Ag/W contacts from breakers subjected to
overload/temperature-rise tests: (a) and (b) SE images of the contact surface; (c) and (d) BSE
images obtained from a metallographic cross-section through the contact.
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Figure 4.13 Examples of SEM data obtained from the Ag/W contacts from breakers subjected to
endurance tests: (a-c) SE images of the contact surface; (d-f) BSE images obtained from a
metallographic cross-section through the contact.
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Figure 4.14 Examples of SEM data obtained from the Ag/W contacts from breakers subjected to
short-circuit tests: (a) and (b) SE images of the contact surface; (c) and (d) BSE images obtained
from a metallographic cross-section through the contact.
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Figure 4.15 Examples of TEM data obtained from FIB-cut cross-sections through the contact
surfaces of the Ag/W contacts from breakers subjected to short-circuit tests: (a-b) BF images; (ce) SADPs obtained from the regions labeled 1 and 2 in (a) and 3 in (b), respectively.
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Table 4.3 Contact resistance values measured for Ag/W contacts from untested breakers and
from breakers after standard UL overload/temperature-rise, endurance and short-circuit tests.
Mean Rc

Standard Deviation

Number of

(mΩ)

(mΩ)

Measurements

Untested

1.68

0.30

33

Overload/temperature-rise

3.02

0.94

36

Endurance

2,130.76

1,730.61

38

Short-circuit

12,880.01

38,439.06

32
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4.3 Extended Aging of Ag/W Circuit Breaker Contacts
In Section 4.2, the microstructural characteristics of the Ag/W contacts from 120 V, 30 A
commercial circuit breakers that were subjected to standard UL tests were investigated, and the
degradation mechanisms during each type of test were discussed. Here in the following section, a
similar approach was adopted to investigate the effects of natural aging and accelerated aging in
humid and dry environments on the structure and degradation mechanisms for this type of
contacts. The naturally aged samples are breakers that have seen service since 2004 in a coastal
location in Puerto Rico. These samples were chosen because the tropical island is hot and humid
year-round, and so this was the most aggressive natural environment available to us. For
accelerated aging in humid environments, the conditions used were those from a standard GE
test for evaluating the corrosion resistance of materials. For accelerated aging in dry
environments, the conditions used were those specified in the ASTM standard for accelerated
aging to evaluate the development of contact resistance. It is shown here that the humid aging is
far more aggressive than either the dry aging or the natural aging, with thicker and more complex
oxide layers formed at the contact surfaces. The performance of the contacts from these humid
aged breakers in the standard UL tests is then compared with that observed previously for asmanufactured contacts and the implications for breaker performance are discussed.

4.3.1 Ag/W Contacts After Aging
Examples of Ag/W contacts in the as-manufactured condition and those after humid, dry
and natural aging are shown in Figure 4.16. The as-manufactured contact exhibits a characteristic
silver metallic sheen (Figure 4.16(a)) as expected for an Ag/W cermet, although there was some
minor discoloration on the contact surface. After humid aging (Figure 4.16(b)) most of regions
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on the contact surface exhibit a greenish color mixed with dark gray, but some regions still
exhibit a metallic sheen similar to that of as-manufactured contacts. Much less discoloration of
the metal was noted for the samples of Ag/W contacts that went through dry aging (Figure
4.16(c)). For the contact after natural aging (Figure 4.16(d)) a circular trace was noted on the
contact surface, revealing a more rough and discolored surface outside the trace.
1) Contact Resistance
The contact resistance data obtained from the as-manufactured contacts and those after
aging are summarized in Table 4.4. As reported in the Section 4.2.1, Ag/W contacts in asmanufactured condition exhibit consistently low contact resistances with a mean of Rc =
1.68 mΩ and a standard deviation of 0.30 mΩ. All of the contacts after aging exhibited higher
values of Rc, with the most significant differences being for those after humid aging tests. The
mean value of Rc for contacts after humid aging (533.75 mΩ) is two orders of magnitude higher
than that from as-manufactured contacts, while the values for contacts after dry and natural aging
are about 40 and 20 times higher, respectively (68 mΩ and 30.9 mΩ, respectively). The standard
deviations reveal that the Rc values are very variable for contacts after dry and natural aging, and
there is even more variability in the values obtained from contacts after humid aging. We note
that this variability in the values of Rc was observed from location to location on each contact
surface, rather than simply being sample-to-sample variation. The microstructural features
responsible for the variability in the Rc values are considered in the following sections.
2) Phase Identification by XRD
XRD data was obtained from the circular contact surfaces of the Ag/W contact tips in
Bragg-Bretano geometry, and these data were used to identify the crystalline phases present.
Representative examples of the XRD data obtained from contacts after humid, dry and natural
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aging are shown in Figure 4.17. The data from all the three contacts exhibit four strong peaks in
the 2θ range of 20°-60° (Figure 4.17(a,c,e)). The peaks at around 38.2° and 44.4° correspond to
those for the {111} and {200} planes, respectively, in face-centered-cubic (FCC) Ag with a
lattice parameter of a0 = 0.4086 nm. Similarly, those at around 40.3° and 58.3° correspond to the
{110} and {200} peaks, respectively, for body-centered cubic (BCC) W with a0 = 0.3165 nm. In
all cases, the Ag peaks are more intense than the W peaks, due to Ag enrichment at the contact
surface as discussed in the Section 4.2. However, in each case, the peaks from minority phases
are more intense than those from the as-manufactured contacts.
When the data are plotted on an enlarged vertical scale (Figure 4.17(b,d,f)) weak peaks
from minority phase are revealed more clearly. The minority phase peaks were very intense in
the XRD data from contacts after humid aging (Figure 4.17(b)) and indeed several of these peaks
are clearly present even in the full-scale plot (Figure 4.17(a)). The data contain peaks
corresponding to the triclinic copper hydroxide hydrate Cu(OH)2H2O phase (a0 = 0.5629 nm, b0
= 0.6053 nm, c0 = 0.6649 nm, α = 90.05°, β = 95.36°, γ = 89.80°, P1) [269], the equilibrium
triclinic polymorph of WO3 (a0 = 0.7309 nm, b0 = 0.7522 nm, c0 = 0.7678 nm, α = 88.81°, β =
90.92°, γ = 90.93°, P1) [260], and the orthorhombic Ag2WO4 phase (a0 = 1.0890 nm, b0 =
1.2030 nm, c0 = 0.5920 nm, Pn2n) [1,262,263]. There is also a single peak at 52.3°
corresponding to {200} for FCC Ni (a0 = 0.3524 nm), and a single peak at the position expected
for {0002} in the layered hexagonal modification of the Ag2O structure first reported by
Kabalkina et al. [261] (a0 = 0.3072 nm, c0 = 0.4941 nm, γ = 120°, P3m1). The minority phase
peaks were much weaker in the data from contacts after dry aging (Figure 4.17(d)), and
corresponded to the WO3, Ag2WO4 and Ag2O phases. The data from contacts after natural aging
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contain intense peaks corresponding to triclinic WO3, and there is an additional peak
corresponding to Ag2WO4.
3) Microstructure of Contacts After Humid Aging
The surface morphology and near-surface microstructures of the Ag/W contacts after
humid aging tests were investigated in the SEM, and a selection of typical images is presented in
Figure 4.18. The morphology of the overall contact surface is shown in low magnification SE
images such as Figure 4.18(a). The surface is rougher and more uneven than that for the asmanufactured contacts, and there are more obvious variations in surface contrast, which may be
related to the variation in colors revealed in Figure 4.18(b). The details of the surface topography
were revealed in higher magnification SE images such as Figure 4.18(b). There are scale-like
features with the presence of fine cracks and protruding particulate features covering the contact
surface. The compositions measured from such areas by EDXS lay in the range of 0-12% Ag, 018% Cu, 52-67% W and 22-29% O (wt.%). There is far more O and far less Ag at the contact
surface in such regions than for as-manufactured contacts.
The distribution of these crystalline phases was revealed in BSE images obtained from
metallographic cross-sections through the contacts. Figure 4.18(c) is a low magnification BSE
image of the overall cross-section, revealing major regions of mounting media, Ag/W contact
and Cu strap. These three regions exhibit very different BSE contrast because of differences in
average atomic number, and hence in the backscattering coefficient. A higher magnification BSE
image is shown in Figure 4.18(d). Within the contact, the light gray regions are W and the darker
gray regions are Ag. The mounting media is also very dark because it consists of a mixture of
polymer matrix and Ni powder (Z = 28). As such, a much lower backscattered yield is expected
from the mounting media than from Ag or W. Such images show that there is a surface layer of
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up to 7 µm in thickness which is enriched in Ag; this layer is similar to that observed at the
surface of as-manufactured contacts (see Section 4.2.3). These images also reveal that there is an
additional layer of up to 10 µm in thickness on top of the Ag-layer, which forms during the
humid aging. Point EDXS analyses on the metallographic cross-sections indicate that this layer is
enriched in O. This layer varies in thickness, and in some regions the underlying Ag/W mixture
is exposed. This may explain the metallic sheen observed on some regions of the surface (Figure
4.16(b)). This surface layer contained cracks and pores, which were also present between the
layer and the Ag/W mixtures below.
4) Microstructure of Contacts After Dry Aging
Examples of the SEM data obtained from the Ag/W contacts after dry aging are presented
in Figure 4.19. The overall contact surface morphology was revealed in low magnification SE
images such as Figure 4.19(a), showing that the surface is relatively smooth and flat. Higher
magnification SE images, such as Figure 4.19(b), also show that there is little variation in surface
roughness. EDXS data obtained from such regions gave an average surface composition of 88.6%
Ag, 4.1% W and 7.3% O (wt.%), revealing a similar Ag and W distribution but a higher O
content compared to as-manufactured contacts (see Section 4.2.3). The O content is, however,
much lower than for contacts after humid aging. Images obtained at yet higher magnifications,
such as the inset to Figure 4.19(b), reveal the presence of particulate features of up to 300 nm in
size, which may help to explain the difference in O content. The low magnification BSE image
obtained from cross-sections through the contacts (Figure 4.19(c)) shows a smooth upper contact
surface, and the higher magnification BSE image (Figure 4.19(d)) reveals the presence of an Agrich surface layer. Both images reveal a very similar phase distribution at the contact surface to
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that observed for as-manufactured contacts, and much less surface oxidation than for contacts
after humid aging.
5) Microstructure of Contacts After Natural Aging
Examples of the SEM data obtained from contacts after natural aging are presented in
Figure 4.20: SE images from the contact surface are shown in Figures 4.20(a-c) and BSE images
from metallographic cross-sections are shown in Figures 4.20(d-f). The low magnification SE
image (Figure 4.20(a)) shows that the surface is relatively smooth in the central regions but is
rougher at the periphery. We also note a circular pattern on the surface, which should correspond
to the circular trace shown in Figure 4.16(d). The low magnification BSE image (Figure 4.20(d))
reveals a higher pore density at the surface region near the edge.
Higher magnification SE images revealed that there were different topographic details in
the surface regions near to and away from the center. Near the contact center (Figure 4.20(b))
there is a relatively smooth and flat surface. In cross-sectional BSE images (Figure 4.20(e)) such
regions also exhibit a flat and clean upper surface, although there some pores present. EDXS
data obtained from such regions gave an average surface composition of 88.2% Ag, 4.3% W and
7.5% O (wt.%). The O content is a little higher than that for as-manufactured contacts, but far
lower than that for humid aged contacts. Near the edge of the contact (Figure 4.20(c)) the surface
is much rougher with many particulate features. The EDXS measurements from such areas show
an overall composition of 65.6% Ag, 16.8% W and 17.6% O (wt.%); the O content is much
higher than in the center of the contact surface but still lower than that for humid aged contacts.
Higher magnification BSE images such as Figure 4.20(f) reveal that the surface is decorated with
particulates. Images obtained at yet higher magnifications, such as the inset to Figure 4.20(f),
reveal the presence of a particulate layer of up to 2 µm in thickness. Point analyses by EDXS
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indicate that this layer is enriched in O. Such images also show the presence of pores at the
contact surface and inside the contact. Both surface regions exhibit lower O contents and thinner
layers of secondary phase accumulation than those for humid aged contacts.

4.3.2 Ag/W Contacts After Humid Aging and UL Testing
Since the results presented above indicate that humid aging is by far the most aggressive
environment considered here, and certainly much more so than extended natural aging even in a
humid climate such as Puerto Rico, the humid aged samples were used to evaluate the possible
effects of aging on performance. Examples of contacts from breakers subjected to humid aging
followed by standard UL testing are presented in Figure 4.21. Extensive discoloration of the
contact surfaces was noted for the samples after UL testing (Figures 4.21(b-d)), accompanied by
a sooty deposit. In preliminary experiments this deposit was found to cause complications with
both the evaluation of surface microstructure and the measurement of contact resistance. Thus,
all of the samples were swabbed gently (or simply rinsed) with ethanol to remove any loose
surface material before evaluation. As noted previously in Section 4.2 this cleaning of the surface
should not have a major effect on the structures or properties of the contact surfaces because
during breaker closure the mating contacts meet with a mechanical swiping motion so that any
loose debris is swept away [19,259].
1) Contact Resistance
The contact resistance data obtained from the samples are summarized in Table 4.5. After
humid aging and overload/temperature-rise testing, the contacts exhibited mean contact
resistances of Rc = 30.33 mΩ and standard deviations of 29.18 mΩ, which is much lower and
more consistent than the values from the humid aged contacts (see Table 4.4). However, these
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values are still greater than those from as-manufactured contacts. Significantly higher and much
more variable values of Rc were obtained after humid aging followed by endurance and shortcircuit testing.
2) Phase Identification by XRD
The crystalline phases present at the surfaces of the Ag/W contacts after humid aging
followed by UL testing were identified using XRD, and representative examples of the data are
shown in Figure 4.22. The data from contacts after humid aging followed by
overload/temperature-rise testing (Figure 4.22(a)) and by endurance testing (Figure 4.22(c))
exhibit four strong peaks in the 2θ range of 20°-60°. Here again, the peaks at 38.2° and 44.4°
correspond to the {111} and {200} planes in FCC Ag, and those at 40.3° and 58.3° correspond to
the {110} and {200} peaks for BCC W. In contrast to the XRD data from the humid aged
contacts (Figure 4.17(a)), the W peaks are more intense than the Ag peaks. Thus, there must be
some loss or re-distribution of the Ag during testing. Indeed in the data obtained from the
contacts after humid aging and short-circuit testing only the two W peaks are present (Figure
4.22(e)).
Weak peaks from the minority phases are observed when the data are plotted on an
enlarged vertical scale (Figures 4.22(b,d,f)). The data from contacts after humid aging and
overload/temperature-rise testing (Figure 4.22(b)) contain additional peaks that can be indexed to
one or more of triclinic WO3, hexagonal Ag2O, and FCC Ni. The minority phase peaks were
much more intense in the XRD data from the contacts after humid aging and endurance testing
(e.g. Figure 4.22(d)), and indeed several of these peaks are clearly present even in the full-scale
plot. Here again, all of these peaks corresponded to the Ag2WO4, WO3, Ag2O and Ni phases. The
minority phase peaks in the data from the contacts after humid aging and short-circuit testing
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were much weaker and corresponded to the WO3, Ag2O and Ni phases. For all the three cases,
there is no evidence for the presence of the copper hydroxide hydrate Cu(OH)2H2O phase,
which is present in humid aged contacts.
3) Microstructure of Contacts After Humid Aging and Overload/Temperature-Rise
Testing
The surface morphology and near-surface microstructure of contacts from breakers
subjected to humid aging and UL overload/temperature-rise testing was examined in SEM, and a
selection of typical images is presented in Figure 4.23. The low magnification SE images, such
as Figure 4.23(a), show that the surface is rough and uneven. The higher magnification SE
images (e.g. Figure 4.23(b)) reveal a porous contact surface is with cracks and protruding
particulates. The EDXS measurements from such areas give an average surface composition of
34.9% Ag, 61.6% W and 3.5% O (wt.%), with no evidence of the presence of Cu. This is much
lower in O than the surface composition of the humid aged contacts.
The distribution of the phases was revealed in BSE images from cross-sections through
the contacts. Figure 4.23(c) is a low magnification image of the cross-section, showing that the
density of pores at the surface of the contact is significantly higher than for the humid aged
contacts. Higher magnification images (Figure 4.23(d)) showed that both the oxidation layer and
the initial Ag-rich surface layer are missing, and instead there is an approximately 100 µm thick
highly porous surface layer. Analyses of this layer by EDXS show that it comprises a mixture of
Ag, W and oxide phases.
4) Microstructure of Contacts After Humid Aging and Endurance Testing
Examples of SEM data from the contacts subjected to humid aging and UL endurance
testing are shown in Figure 4.24: SE images from the contact surface are presented in Figures

125

4.24(a-c) and BSE images from cross-sections are presented in Figures 4.24(d-f). Low
magnification images such as Figures 4.24(a)&(d) show that the surface is very rough with
significant variations in image contrast from location to location. The cross-sectional BSE
images (Figure 4.24(d)) also reveal that there is a variation with distance across the surface from
left to right; the loss of material is far left on the right hand side of this image than on the left.
This cross-section was cut so that it is parallel to the swiping direction of the breaker closure,
with the moving contact swiping across the fixed contact from left to right in this image. As such,
the region with more pronounced surface erosion corresponds to the point at which the moving
contact first meets the fixed contact.
In higher magnification SE images, there were two types of regions that exhibited rather
different surface topographies. The first type (Figure 4.24(b)) was more representative of areas
on the heavily eroded side of the contact. These regions have large nodular protrusions >10 µm
high distributed across undulating regions of the surface. The undulating surface of these regions
is decorated heavily with particles. The compositions measured from such area by EDXS lay in
the range 12-16% Ag, 58-69% W, 19-27% O (wt.%). There is more Ag in such regions than for
humid aged contacts, and no Cu was detected. In higher magnification BSE images (e.g. Figure
4.24(e)) the nodules exhibit uniform bright contrast, and point EDXS analyses show that these
features are essentially pure W. The areas surrounding the nodules are highly porous and exhibit
mixtures of bright and dark contrast; this is consistent with these areas being a mixture of Ag, W
and oxide phases.
The second type of region (Figure 4.24(c)) consists of relatively flat areas, decorated
heavily with particulate features. These areas are more prevalent on the less heavily eroded side
of the contact. Cross-sectional BSE images from such regions (Figure 4.24(f)) reveal a fairly
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dense but cracked surface layer, approximately 30 µm thick. There were also some large cracks
between the layer and the Ag/W mixture below. The EDXS measurements from such areas
reveal an overall composition of 19-28% Ag, 48-63% W and 17-27% O (wt.%). Here again,
there is more Ag but no evidence of Cu at the contact surface as compared to the humid aged
contacts.
5) Microstructure of Contacts After Humid Aging and Short-Circuit Testing
Examples of the SEM data obtained from contacts subjected to humid aging and shortcircuit tests are presented in Figure 4.25. Low magnification SE images (Figure 4.25(a)) reveal a
very rough porous overall topography. In higher magnification SE images (Figure 4.25(b)), it can
be seen that the surface consists of a continuous layer with pores of up to 50 µm in diameter.
Thus, it is the presence of these pores distributed across the surface that leads to the overall
rough appearance at lower magnifications. The EDXS measurements from such areas gave an
average surface composition of 18.3% Ag, 75.7% W and 6.0% O (wt.%), indicating that the
layer is highly enriched in W but depleted in O as compared to the humid aged contacts. This Wrich surface layer is also heavily decorated with particles of up to 5 µm in diameter (inset to
Figure 4.25(b)). These particles are too small for EDXS measurements of composition in the
SEM, but a comparison of analyses obtained with the beam on and off these particles indicates
that they are highly enriched in Ag.
Low magnification BSE images such as Figure 4.25(c) obtained from metallographic
cross-sections through the contacts revealed dramatic changes in the contact geometry and
integrity. There was extensive loss of material at the edges of the contact leading to a dome-like
morphology, similar to that reported on the UL short-circuit tested contacts in Section 4.2.4.
There are also some cracks starting from the contact surface and penetrating inwards. The
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contact surfaces exhibited a bright crust up to 50 µm in thickness with large pores (Figure
4.25(d)), and the EDXS data indicate that the crust is essentially pure W with pores exposing the
Ag/W phase mixture of the contact below. This is broadly consistent with previous crosssectional SEM observations of Ag/W contacts tested at high applied currents (for example
[122,265]).

4.3.3 Discussion
This study was originally conceived as a systematic investigation of the degradation in
the surface structure and electrical behavior of Ag/W contact materials with environmental
exposure. In preliminary experiments it was found that the subtle changes that occurred for
samples exposed under mild conditions and/or for short times were masked by variability in
these mass-produced contacts, both from sample to sample and from area to area on the same
sample. It is for this reason that contacts in as-manufactured breakers were compared to
examples of contacts from breakers aged under extreme conditions where the overall changes are
greater than any inherent variability in the samples. While this results in a rather qualitative
comparison, the conclusions that can be drawn about the robustness of this contact technology
are, nonetheless, important.
All of the Ag/W contacts studied here exhibit the same internal microstructure as those
from as-manufactured breakers studied in Section 4.2.3. The main constituents are: sintered
Ag/W composite particles with fine-grained (100-500 nm) Ag and coarse-grained (>>1 µm) W,
and pockets of coarse-grained (>>1 µm) Ag infiltrate. The new contacts had a nanocrystalline Ag
surface layer with a little native WO3 and Ag2O at the surface, which probably formed during
brazing and post-assembly acceptance testing. The aged contacts exhibited very different surface
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microstructures. The humid aged contacts showed the most extensive oxide formation with the
presence of up to 10 µm of WO3, Ag2WO4, Ag2O and Cu(OH)2H2O. The latter phase
presumably arises due to moisture reacting with the Cu from braze alloy and/or the breaker arm.
These contacts exhibit much higher and variable contact resistance (Rc = 533.75 mΩ, standard
deviation = 323.12 mΩ) as compared to the as-manufactured contacts. Since the resistivities of
WO3 (4 × 104 Ω cm [266], Ag2O (7 × 108 Ω cm [267]) and Ag2WO4 (8 × 103 - 1.15 × 104 Ω cm
[268]) are orders of magnitude higher than those of W and Ag, it seems likely that the presence
of the oxide phases and the increases in the contact resistance values are related. The dry aged
contacts exhibited a much thinner (<300 nm) particulate oxide layer with no Cu-bearing phases.
The natural aged contacts had thicker surface layers than the dry-aged samples, but still far less
than the humid-aged contacts; there was more deposit on the edges than in the center because
these contacts had seen extended service in the closed position. The natural aged contacts had
lower Rc values than either the dry- or humid-aged contacts. This shows that the artificial aging
conditions used here lead to more severe performance degradation than natural aging even when
the naturally aged breakers were exposed under the relatively demanding conditions that prevail
in the tropical climate of Puerto Rico.
Since the contacts in the humid aged breakers exhibited the thickest oxide layers and the
highest contact resistances, these were chosen as a worst-case example for UL testing to evaluate
the possible effects of aging on performance. These tests led to much more dramatic changes in
microstructure and contact resistance. During the overload/temperature-rise testing both the
oxide layer and the Ag-rich surface layer were removed, leaving a highly porous layer of up to
100 µm in thickness. This is probably due to some combination of: ablation during breaker
opening, sweeping of material during breaker closure, vaporization of Ag during the overload
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cycles, and accelerated oxidation of the Ag and W due to the temperature rise. The removal of
the oxide layer leads to a much lower and less variable contact resistance than that from humid
aged contacts, but still higher and more variable than that for the as-manufactured contacts.
Endurance testing gave a much higher and far more variable contact resistance, and the volume
of the oxides present at the surface is much greater than for overload/temperature-rise testing.
There is a significant microstructural variation across the contact surface, related to the swiping
motion of the contacts across one another during breaker closure. Where the contacts first meet,
there is severe erosion giving a rough, porous, oxidized W-rich surface with nodular protrusions
of pure fused W. On the other side, there is a build-up of an oxide-rich layer tens of microns in
thickness. The likely process involved in the formation of this complex structure include [8]:
evaporation/ablation of material during arcing; enhanced oxidation due to increases in
temperature; and “sweeping” of material across the contact surface. Short-circuit testing
produced a thick, fused, porous layer of W with condensed Ag islands on the surface and
irregular cavities between the crust and the contact. It is these features, rather than any oxide
layer, which lead to very high and variable values of Rc measured from these samples.
We note that the surface microstructures observed here for samples after humid aging and
UL testing are similar to those that we have reported previously for UL testing of asmanufactured circuit breakers (see Section 4.2). Moreover, the Rc values measured previously
are also rather similar. Thus, even though both the contact resistances and the surface
microstructures of the Ag/W contacts were affected dramatically by the humid aging (and far
more so than extended natural aging), the aging does not seem to have a very significant effect
on circuit breaker contact performance under standardized UL testing conditions. The fact that
the humid-aged breakers performed similarly to as-manufactured breakers in UL tests, despite
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the thick multi-phase oxide layers that develop during the aging, highlights the durability of this
circuit breaker contact technology even under the most severe of environmental conditions.

4.3.4 Summary
The near-surface microstructures and contact resistances of commercial Ag/W circuit
breaker contacts have been studied after aging and after humid aging plus UL testing. Humid
aging gave the most pronounced changes in contact resistance and surface microstructure with
thick layers of complex W and Ag oxides and hydrated Cu hydroxides. Dry aging gave more
limited oxide formation and more modest increases in Rc. Natural aging for 10 years in a humid
climate caused more limited changes in Rc and microstructure suggesting that the artificial aging
environments used in this study are significantly more aggressive than those that the contacts are
likely to experience in service.
Contacts from breaker subjected to humid aging plus UL testing gave Rc values and
microstructures similar to those reported previously for unaged breakers after UL testing. This
indicates that surface degradation due to environmental attack does not lead to significant
changes in the performance of the typical Ag/W breakers used in residential applications under
the conditions used in standardized UL tests.
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Figure 4.16 Examples of Ag/W contacts: (a) as-manufactured contact; (b) after humid aging; (c)
after dry aging; (d) after natural aging.
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Figure 4.17 XRD data obtained from contacts: (a,b) after humid aging; (c,d) after dry aging;
(e,f) after natural aging. In each case the figure on the left (a,c,e) is at full scale showing the main
peaks, whereas the figure on the right (b,d,f) is the same dataset on an expanded vertical scale to
reveal the weak peaks from minority phases.
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Figure 4.18 Examples of SEM data obtained from the Ag/W contacts subjected to humid aging:
(a) overall SE image of the contact surface; (b) higher magnification SE image of the contact
surface; (c) overall BSE image obtained from a metallographic cross-section through the contact;
(d) higher magnification cross-sectional BSE image of the region near the contact surface.
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Figure 4.19 Examples of SEM data obtained from the Ag/W contacts subjected to dry aging: (a)
and (b) SE images of the contact surface; (c) and (d) BSE images obtained from a metallographic
cross-section through the contact.
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Figure 4.20 Examples of SEM data obtained from the Ag/W contacts subjected to natural aging:
(a-c) SE images of the contact surface; (d-f) BSE images obtained from a metallographic crosssection through the contact.
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Figure 4.21 Examples of Ag/W contacts: (a) after humid aging; (b) after humid aging and
overload/temperature-rise testing; (c) after humid aging and endurance testing; (d) after humid
aging and short-circuit testing.
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Figure 4.22 XRD data obtained from Ag/W contacts: (a,b) after humid aging and
overload/temperature-rise testing; (c,d) after humid aging and endurance testing; (e,f) after
humid aging and short-circuit testing. In each case the figure on the left (a,c,e) is at full scale
showing the main peaks, whereas the figure on the right (b,d,f) is the same dataset on an
expanded vertical scale to reveal the weak peaks from minority phases.
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Figure 4.23 Examples of SEM data obtained from the Ag/W contacts subjected to humid aging
followed by overload/temperature-rise tests: (a) and (b) SE images of the contact surface; (c) and
(d) BSE images obtained from a metallographic cross-section through the contact.
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Figure 4.24 Examples of SEM data obtained from the Ag/W contacts subjected to humid aging
followed by endurance tests: (a-c) SE images of the contact surface; (d-f) BSE images obtained
from a metallographic cross-section through the contact.

140

Figure 4.25 Examples of SEM data obtained from the Ag/W contacts subjected to humid aging
followed by short-circuit tests: (a) and (b) SE images of the contact surface; (c) and (d) BSE
images obtained from a metallographic cross-section through the contact.
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Table 4.4 Contact resistance results obtained from Ag/W contacts in as-manufactured condition
and after aging.
Mean Rc, mΩ

Standard Deviation, mΩ

1.68

0.30

Humid aging

533.75

323.12

Dry aging

68.00

36.00

Natural aging

30.90

20.10

As-manufactured

Table 4.5 Contact resistance results obtained from Ag/W contacts subjected to humid aging
followed by UL tests.
Mean Rc, mΩ

Standard Deviation, mΩ

30.33

29.18

Humid aging + endurance

1,790.9

1,342.0

Humid aging + short-circuit

89,630

199,742

Humid aging + overload/temperature-rise
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Chapter 5: Physical Metallurgy Studies of Ag3Sn/Cu3Sn Alloys
In this chapter, some fundamental physical metallurgy studies conducted on
Ag3Sn/Cu3Sn alloys are presented. The phase equilibria in the Ag3Sn/Cu3Sn alloy system are
investigated by examination of the solidification microstructures of the alloys with compositions
that lie on the Ag3Sn-Cu3Sn pseudo-binary section. The defect structures in the Ag3Sn-Cu3Sn
pseudo-binary alloys and pure Ag3Sn alloys are studied, and the deformation mechanisms in the
iso-structural Ag3Sn and Cu3Sn phases are discussed.
5.1 Solidification Microstructures in Ag3Sn/Cu3Sn Alloys
In the present study, we selected three alloys with compositions that lie on the Ag3Sn Cu3Sn pseudo-binary section and examined the solidification microstructures to evaluate the
extent to which the complex phase equilibria can be avoided. X-ray diffraction (XRD) and
scanning electron microscopy (SEM) data from as-cast samples of the three alloys gave the
unexpected result that the θ-Ag3Sn and ε1-Cu3Sn phases can form directly from the melt via a
eutectic-type

solidification

process.

Differential

scanning

calorimetry

(DSC),

heat-

treatment/quenching, and transmission electron microscopy (TEM) experiments were then used
to investigate the discrepancy between the observed microstructures and those expected on the
basis of the published ternary Ag-Cu-Sn phase diagram. It is inferred from these data that the
nucleation of intermediate phases such as ε2-Ag5Sn in the melt is suppressed even at very modest
cooling rates, leading to the formation of the phase mixtures observed experimentally.

5.1.1 Microstructure of the As-Cast Alloys
Producing fine powders from these alloys proved to be particularly challenging, and so
XRD data were obtained in Bragg-Bretano geometry from the polished surfaces of discs cut from
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the ingots. Representative examples of the data obtained from the three alloys are shown in
Figure 5.1, where the counts are plotted on a logarithmic scale to better show the low intensity
peaks. We note that the relative intensities of the peaks (but not the peak positions) varied from
scan to scan for each sample indicating that there are pronounced effects from the grain size
and/or preferred grain orientations in these solid cast samples. The majority of the XRD peaks
correspond to those expected for the D0a phases θ-Ag3Sn (a0 = 0.597 nm, b0 = 0.478 nm, c0 =
0.518 nm [184]) and ε1-Cu3Sn (a0 = 0.549 nm, b0 = 0.432 nm, c0 = 0.474 nm [182]). There are
also minor peaks corresponding to the long-period superstructure polymorph of Cu3Sn (a0 =
0.553 nm, b0 = 4.775 nm, c0 = 0.432 nm, space group Cmcm [185]) in the XRD data from the
50:50 alloy. It is important to note that the conventions used to define the axes in the D0a and
long-period polymorphs are different. Thus, the b axis of the long-period structure lies parallel to
c in the conventional description of the D0a structure, and b0 (superstructure) ≈ 10 c0 (D0a). This
long-period polymorph of Cu3Sn is now widely accepted as the equilibrium form, but requires
extended annealing to develop fully (e.g. [270]). We note that the absence of such peaks in the
data from the 40:60 and 30:70 alloys does not necessarily demonstrate that this polymorph is not
present in these alloys since most of the peaks from this polymorph of Cu3Sn overlap with those
from the D0a ε1 structure. Minor peaks from the hexagonal η-Cu6Sn5 phase (a0 = 0.419nm, c0 =
0.509 nm, space group P63/mmc [271]) were observed in each of the alloys, although here again
some of the peaks from this phase overlap with those from the phases ε1-Cu3Sn and θ-Ag3Sn.
The microstructures of the as-cast alloys were investigated using BSE imaging and
EDXS analysis on metallographic sections in the SEM. Examples of typical BSE SEM images
from the three alloys are presented in Figure 5.2. There is strong compositional contrast in such
images, and EDXS point analyses were used to confirm that the light and dark regions
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correspond to the main Ag3Sn and Cu3Sn phases, respectively. There are also occasional small
gray regions corresponding to the Cu6Sn5 phase, and examples of these are shown in the insets to
each micrograph. In each case it was found that these phases are not pure stoichiometric
compounds, but instead there is some solubility of Cu in Ag3Sn, and of Ag in Cu3Sn and Cu6Sn5.
The mean measured compositions for these majority phases as measured by EDXS are given in
Table 5.1. These values were obtained from the raw Ag L, Cu K, and Sn L signals using libraray
standards with e-ZAF corrections. It can be seen that the phase compositions are rather similar in
the three alloys and thus the main effect of the differences in alloy composition is a difference in
the volume fractions of the phases. Image analysis was performed on BSE images such as those
shown in Figure 5.2 and the mean volume fractions of Cu3Sn obtained were 42%, 52% and 64%
for the 50:50, 40:60 and 30:70 alloys, respectively. Since the volume fraction of the Cu6Sn5
phase is less than 2% in each case, the Ag3Sn phase constitutes most of the remainder of the ascast microstructures. There is also a transition in the morphology of the phases. In the 50:50
alloy, there is a bimodal size distribution for the Cu3Sn phase with larger features (several µm
across) resembling dendrite arms, and regions of much more finely divided features (< 1 µm)
that are reminiscent of eutectic micro-constituents. In the 40:60 and 30:70 alloys, the majority
phases adopt a more uniform blocky morphology, although in both cases there are still
occasional regions that show a more finely divided structure.
These data suggest that the mixture of θ-Ag3Sn and ε1-Cu3Sn phases may form directly
from the melt, rather than via reactions involving high temperature phases such as ε2-Ag5Sn or γCu4Sn. There was no evidence for such intermediate phases, or indeed any compositional
gradients within the major phases, and both of these effects might have been expected if the
phases were formed via the transformation paths that occur in the binary systems. Moreover, this
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is not what one would expect on the basis of the published ternary phase diagram. The DSC and
heat-treatment/quenching studies described below were performed to investigate these
phenomena.

5.1.2 DSC Analyses
The thermal characteristics of these alloys were determined by heating 10 mg samples of
the as-cast materials from room temperature to 750 ˚C at 10 ˚C/min. In each case the alloys
underwent a series of endothermic processes between 350 and 650 ˚C, and representative DSC
data for the temperature range 300-700 ˚C are shown in Figure 5.3. All three alloys exhibit a
small endothermic trough at 355 ˚C, and much larger sharp troughs at 482 ˚C and 531 ˚C. The
alloys also exhibit a fourth, somewhat broader trough. The temperature for this fourth trough
varies with composition from 561 ˚C to 593 ˚C and 618 ˚C for the 50:50, 40:60 and 30:70 alloys,
respectively. These data were repeatable with scans on duplicate samples exhibiting essentially
identical trough temperatures and shapes. Furthermore, all of the processes associated with these
troughs were found to be reversible. Samples of each alloy were heated from room temperature
to 750˚C, cooled to room temperature in the DSC apparatus, and then heated to 750˚C again.
The troughs observed upon re-heating showed no significant differences from those in the
original scans. For the 50:50 alloy, additional experiments were performed in which samples
were heated from room temperature to 400, 500 and 545 ˚C (i.e. just past the first, second and
third troughs, respectively), cooled to room temperature in the DSC apparatus, and then reheated to the end-point temperature. In each case the data obtained on re-heating were
indistinguishable from those obtained in the initial heating scan. Thus the thermal events
observed in the DSC scans are reversible, both individually and in sequence.
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To identify the transformations associated with these processes, additional 10 mg samples
of each alloy were heated from room temperature to set points of 400, 500, 545 and 600 ˚C in a
separate DSC apparatus. Upon reaching the set-point, the samples were removed rapidly from
the apparatus and quenched into water. The set-points of 400 and 500 ˚C lie between the
invariant troughs at 355, 482 and 531˚C in each sample. The set-point of 545 ˚C lies between the
invariant trough at 531 ˚C and the fourth trough, whose temperature varies from one sample to
another. The set-point of 600˚C is the maximum temperature achievable in this apparatus and
lies above the fourth trough for the 50:50 and 40:60 alloys, but below this trough for the 30:70
alloy. The microstructural data obtained from these quenched specimens are described in the
sections below.

5.1.3 Microstructure of the Quenched 50:50 Alloy Samples
Examples of BSE SEM images from the quenched 50:50 alloy samples are presented in
Figure 5.4. The sample quenched from 400 °C (Figure 5.4a) exhibits a very similar morphology
to that observed in the as-cast 50:50 alloy (Figure 5.2a). The only significant difference is the
disappearance of the Cu6Sn5 phases. The microstructure in the sample quenched from 500 °C
was rather different (Figure 5.4b) with somewhat coarser Ag3Sn and Cu3Sn grains surrounded by
a complex phase mixture. The morphology of this mixture is shown at higher magnification in
the inset to the figure. The mean volume fractions of the micro-constituents were measured from
such images as 40.4% Ag3Sn, 37.3% Cu3Sn and 22.3% of the phase mixture. For the samples
quenched from 545 and 600 ˚C, however, there are only two micro-constituents present: Cu3Sn
grains and a finely divided phase mixture. In both cases, the volume fraction of the Cu3Sn phase
is similar (22.6 and 24.1 vol. %, respectively), but the phase morphologies and sizes are very
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different. In the sample quenched from 545 ˚C, the Cu3Sn is coarser (up to 50µm across) and
more angular. In the sample quenched from 600 ˚C, the Cu3Sn is much finer (up to 5µm across)
and more globular. Mean compositions measured by EDXS analysis from the micro-constituents
in the four quenched 50:50 alloy samples are presented in Table 5.2. The compositions of the
Ag3Sn and Cu3Sn phases are fairly consistent throughout, although there is some minor variation
in the Cu and Ag contents of these phases, respectively. The most dramatic differences are in the
composition of the phase mixture. The mixture in the sample quenched from 500 ˚C contains
significantly less Ag and more Sn than that in the samples quenched from 545 and 600 ˚C. In
these latter two samples the EDXS data vary similar suggesting that the phase mixture present is
the same.
The details of the phase mixtures were investigated by S/TEM analysis on FIB-cut TEM
specimens from these micro-constituents in the samples quenched from 500, 545 and 600 ˚C. A
set of data from one such experiment on the sample quenched from 500 ˚C is shown in Figure
5.5. The bright field (BF) STEM image in Figure 5.5a shows a large Ag3Sn grain at the top left
(labeled 1) with smaller grains from the complex phase mixture across the rest of the field of
view. The compositional variation was revealed by spectrum imaging in which full spectra were
collected at each point in the scan, and these were analyzed by performing a standard-less
quantification using Ag L, Cu K and Sn L peaks at each point. Thus the maps shown in Figures
5.5(b-d) are compositional maps (rather than raw X-ray maps) and the intensities in these maps
are proportional to the Ag, Cu and Sn contents, respectively. Based upon these data, four
different phases were detected in the mixture and an example of each is labelled (2-5) in Figure
5.5a. The phases were identified by tilting the sample until zone axis patterns were obtained from
a grain of each phase. Examples of the diffraction data are shown in Figures 5.5e-i. The selected-
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area diffraction pattern (SADP) in Figure 5.5e was obtained from the large Ag3Sn grain at 1 in
Figure 5.5a; this corresponds to a [342] zone axis pattern (ZAP) from the θ-Ag3Sn phase. The
grains in the phase mixture were too small to give clear SADPs, so instead micro-diffraction
patterns were obtained with a convergent probe and a small condenser aperture. Examples of
micro-diffraction ZAPs from the grains labeled 2-5 in Figure 5.5a are shown in Figures 5.5f-i,
respectively. These are indexed as: the [100] ZAP for ε1-Cu3Sn, the [1213] ZAP for η-Cu6Sn5,
the [1213] ZAP for the hexagonal ε2-Ag5Sn phase (a0 = 0.29658 nm, c0 = 0.47842 nm, space
group P63/mmc [20]), and the [311] ZAP for the tetragonal β-Sn phase (a0 = 0.582 nm, c0 =
0.318 nm, space group I41/amd [272]). We note that while these patterns are presented at the
same scale (effective camera length), they were obtained at different sample orientations and no
conclusions could be drawn about the presence, or otherwise, of any orientation relationships
between the phases.
Similar experiments on FIB-cut TEM specimens from the samples quenched from 545
and 600 ˚C revealed much simpler phase mixtures comprising alternating lamellae of the θAg3Sn and ε1-Cu3Sn phases. An example of a data set obtained from the sample quenched from
600 ˚C is shown in Figure 5.6. A BF STEM image and the corresponding Ag, Cu and Sn maps
are given in Figures 5.6a-d, respectively. The SADP in Figure 5.6e was obtained from the area
shown in Figure 5.6a, and Figure 5.6f is an indexed schematic of this pattern. The pattern
corresponds to overlay of the [142] ZAPs from the θ-Ag3Sn and ε1-Cu3Sn phases in the
orientation relationship:
[142] Ag3Sn // [142] Cu3Sn
(201) Ag3Sn // (201) Cu3Sn
(223) Ag3Sn // (223) Cu3Sn
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Since the SADP in Figure 5.6e includes contributions from several Ag3Sn and Cu3Sn
lamellae, the phases must be arranged in colonies with well-defined orientations between the
layers. Such characteristics are typical of eutectic solidification of phases mixtures with similar
structures and modest differences in lattice parameters. We note that similar data were obtained
from the phase mixtures in the sample quenched from 545˚C. Further work is underway in an
attempt to understand the reasons for the adoption of this orientation relationship in the phase
mixture.

5.1.4 Microstructure of the Quenched 40:60 and 30:70 Alloy Samples
A representative selection of BSE SEM images obtained from the 40:60 and 30:70 alloy
samples quenched from 500, 545 and 600 ˚C is shown in Figure 5.7. The mean compositions of
the micro-constituents in the quenched samples were measured using EDXS in the SEM and
these data are summarized in Table 5.3. We note that, as for the 50:50 alloy, quenching from
400˚C produced no significant microstructural changes other than the disappearance of the
Cu6Sn5 phases, and only very minor changes in the compositions of the Ag3Sn and Cu3Sn phases.
The images from these samples are not included in Figure 5.7.
The phase distribution in the 40:60 and 30:70 alloy samples quenched from 500 °C
(Figures 5.7a and b, respectively) is similar to that in the corresponding 50:50 alloy sample
(Figure 5.4b). There are coarse Ag3Sn and Cu3Sn grains plus regions of a complex phase mixture,
which are shown at higher magnification in the insets to the figures. The volume fractions of the
phase mixtures are significantly lower than that in the 50:50 alloy, at around 8% and 3% in the
40:60 and 30:70 alloy samples, respectively. The mean compositions of these regions was also
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different in each alloy, and indeed from region to region in the same sample, suggesting that the
compositions and/or proportions of the phases present in such regions varies somewhat.
For the 40:60 and 30:70 alloy samples quenched from 545 ˚C, only two microconstituents are observed in the BSE SEM images (Figures 5.7c and d, respectively): coarse
Cu3Sn grains and a fine phase mixture that resembles a eutectic. This is very similar to the
microstructure observed for the 50:50 alloy quenched from this temperature (Figure 5.4c). In
contrast to the samples quenched from 500 ˚C, the compositions of the micro-constituents in
these samples were very consistent from region to region. Moreover, as can be seen from the
values in Tables 5.2 and 5.3, the compositions of these regions are extremely close to one
another in the 50:50, 40:60 and 30:70 alloy. This is consistent with the phase mixture in the
40:60 and 30:70 alloy samples being the same combination of 𝜃-Ag3Sn and ɛ 1-Cu3Sn observed
in the 50:50 alloy. Under these circumstances the differences in the overall alloy composition
must be accommodated by differences in the volume fractions of the micro-constituents. The
mean volume fractions of the Cu3Sn micro-constituent (as opposed to the total volume fractions
of the Cu3Sn phase including the Cu3Sn in the phase mixture) measured for the 50:50, 40:60 and
30:70 alloy samples quenched from 545 ˚C were 22.6%, 36.6% and 49.8%, respectively.
The 40:60 alloy sample quenched from 600 ˚C exhibited a microstructure consisting of a
homogeneously-distributed phase mixture (Figure 5.7e), which is significantly coarser than the
mixtures in the samples quenched from 500 and 545 ˚C (Figures 5.7a and c, respectively). The
morphology of this phase mixture is also different from those observed upon quenching from
these lower temperatures; in this case there are dark “feathery” dendritic structures with finer
bright features between the dendrite arms. As expected, the composition of the mixture measured
by EDXS corresponds closely to the nominal composition of the alloy. For the 30:70 alloy
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sample quenched from 600 ˚C, two micro-constituents are observed in the BSE SEM images
(Figure 5.7f): coarse Cu3Sn grains and a phase mixture with a similar composition and
morphology to, albeit somewhat finer than, that in the corresponding 40:60 alloy sample.
Although the phases mixtures in the 40:60 and 30:70 alloy samples quenched from 500
and 545 ˚C resemble those in the corresponding 50:50 alloy samples, the feathery dendritic
mixtures in the samples quenched from 600 ˚C are clearly different. Here again, the characters of
the phases in these mixtures were investigated by S/TEM analysis on FIB-cut TEM specimens,
and a set of data from one such experiment on the 40:60 alloy sample quenched from 600 ˚C is
shown in Figure 5.8. The BF STEM image in Figure 5.8a reveals a lobe from a dendrite (region
1) surrounded by a mixture of finer grains. The corresponding Ag, Cu and Sn maps (Figures
5.8b-d) and the [001] SADP from region 1 (Fig. 8e) show that the dendrite is composed of the
ɛ 1-Cu3Sn phase. Most of the grains in the surrounding mixture are 𝜃-Ag3Sn, and an example of a
[001] SADP from this phase is shown in Figure 5.8f. There are some finer η-Cu6Sn5 grains, such
as region 3 from which the [2110] microdiffraction pattern in Figure 5.8g was obtained. There
are also some Sn-rich pockets, such as region 4, that are too small to give clear ZAPs, but are
presumably β-Sn phase. We note that some of the 𝜃-Ag3Sn regions adjacent to the ɛ 1-Cu3Sn
dendrites appeared to exhibit a simple low-index orientation relationship:
[001] Ag3Sn // [001] Cu3Sn
(010) Ag3Sn // (010) Cu3Sn
(100) Ag3Sn // (100) Cu3Sn
Regions 1 and 2 in Figure 5.8a are an example of this, as demonstrated in and the SADP
obtained with the field limiting aperture surrounding these regions (Figure 5.8h). The differences
between the [001] ZAPs for these iso-structural compounds arise because the 110- and 200-type
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reflections in the D0a structure are chemically sensitive. These reflections are extremely weak in
Ag3Sn because the atomic scattering factors for Ag and Sn are very similar, as one might expect
for elements with an atomic number difference of only 2. For Cu3Sn, however, these reflections
are fairly strong due to large differences in the atomic scattering factors. This is why the 110and 200-type reflections from Cu3Sn are visible in Figure 5.8h, but those from Ag3Sn are not.

5.1.5 Discussion
The phase equilibria in the Ag-Cu-Sn system have been described by Hari Kumar and
Kubaschewski [248,273]. While recent attention has upon the Sn-rich corner of this system, the
understanding of the transformations for alloys with the Sn-lean compositions considered here
are based upon the earlier work of Gebhardt and Petzow [172] and Fedorov et al. [274] who
produced isothermal sections and isopleths at 5-25 wt % Sn. On this basis, one would expect the
following transformation sequence upon cooling:
L à L + ε1 à L + ε1 + ε2 à L + ε1 + θ à ε1 + θ + η
Thus, the phases present in the as-cast structure correspond to those predicted by the equilibrium
phase diagram (i.e. mainly ɛ 1-Cu3Sn and 𝜃-Ag3Sn, with a little η-Cu6Sn5). Moreover, the DSC
troughs observed upon heating can be reconciled with the processes expected from the phase
diagram. The small invariant trough at 355˚C corresponds to the peritectic reaction:
η à ε1 + L
As such, the η-Cu6Sn5 phase is absent from the microstructures in samples quenched from 400
˚C (e.g. Figure 5.4a). The larger invariant trough at 482 ˚C corresponds to the peritectic reaction:
θ à ε2 + L

153

This results in more complex microstructures in samples quenched from 500 ˚C (Figures 5.4b,
5.7a & 5.7b). There are large grains of untransformed ɛ 1-Cu3Sn and 𝜃-Ag3Sn, plus a complex
phase mixture of ε2-Ag5Sn with ε1-Cu3Sn, η-Cu6Sn5, and β-Sn, which form when the Cu- and
Sn-rich liquid freezes around the ε2 transformation product. Clearly the presence of large regions
of untransformed 𝜃-Ag3Sn indicates that the peritectic reaction is kinetically limited at these
temperatures and heating rates. The second large invariant trough at 531 ˚C corresponds to the
congruent melting:
ε1 + ε2 à L
As such, in samples heated to 545 ˚C there is only liquid plus rather blocky ε1-Cu3Sn phase
present. Upon quenching from 545 ˚C, a fine eutectic mixture of ε1-Cu3Sn and 𝜃-Ag3Sn forms
(Figures 5.4b, 5.7a & 5.7b).
Lastly, there is a broad trough whose temperature depends on the alloy composition.
This lies at 561, 593 and 618 ˚C for the 50:50, 40:60 and 30:70 alloys, respectively. The trough
corresponds to the melting of the ɛ 1-Cu3Sn phase, and therefore the temperatures at which these
troughs occur are approximately those for the liquidus surface at these compositions. The
samples quenched from 600 ˚C exhibit rather different microstructures. For the 50:50 alloy the
alloy is fully liquid at this temperature and quenching produces a refined microstructure (Figure
5.4d) with primary ɛ 1-Cu3Sn and the same ɛ 1 + 𝜃 eutectic as in the samples quenched from 545
˚C. For the 40:60 alloy, 600˚C is just beyond the trough and it is not clear whether a
homogeneous liquid would be produced. Upon quenching from 600 ˚C a mixture of feathery ɛ 1Cu3Sn dendrites surrounded by grains of 𝜃-Ag3Sn, plus smaller grains of η-Cu6Sn5 and yet
smaller pockets of β-Sn (Figure 5.7e). For the 30:70 alloy, 600 ˚C is below the trough and one
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would expect liquid plus coarse ɛ 1-Cu3Sn phase to be present. Upon quenching from 600 ˚C,
the liquid solidifies into a phase mixture with a similar composition and morphology (if
somewhat finer) to that for the 40:60 alloy (Figure 5.7f).
While the transformations that occur upon heating are consistent with the published
ternary phase diagrams, most of the solidification microstructures (both in as-cast and in
quenched samples) do not correspond to what one might expect on this basis or based upon
previous work on binary alloys (e.g. [220]). In the latter case, extended annealing was required to
eliminate segregation effects and regions of high-temperature phases such as ε2-Ag5Sn and γCu4Sn when producing samples of 𝜃-Ag3Sn and ɛ 1-Cu3Sn, respectively. No such effects were
observed in the samples considered here. The ε2-Ag5Sn phase was only observed in samples
heated through the peritectic point at 482 ˚C and then quenched-in before this phase melts into a
eutectic liquid at 531 ˚C. In all other samples the phases present are 𝜃-Ag3Sn, ɛ 1-Cu3Sn, and in
some cases η-Cu6Sn5 plus a little β-Sn. The most likely explanation for this is that the nucleation
of the ε2-Ag5Sn phase is kinetically limited, and that the formation of this phase is suppressed in
favor of the formation of the low-temperature equilibrium phases. It is difficult to prove this for
the as-cast samples since the thermal history is not known accurately. As such, it is possible
(although rather unlikely) that the ε2-Ag5Sn phase forms and is then eliminated completely from
the microstructure during slow cooling of the alloy ingots. For the samples quenched from 545
˚C, however, there is clearly insufficient time for such processes. The undercooling required to
bypass the region of thermodynamic stability for the ε2-Ag5Sn phase is only ≈50 ˚C at these
compositions, and so it seems reasonable that one should obtain a eutectic 𝜃-Ag3Sn + ɛ 1-Cu3Sn
mixture around the remaining primary ɛ 1-Cu3Sn upon cooling. For the samples quenched from
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600 ˚C, the microstructures are different for the three alloys. In the 50:50 alloy the
microstructure looks similar to those in the samples quenched from 545 ˚C with primary ɛ 1Cu3Sn and eutectic 𝜃-Ag3Sn + ɛ 1-Cu3Sn. In the 40:60 alloy a different phase morphology is
produced with feathery ɛ 1-Cu3Sn dendrites and an inter-dendritic mixture of 𝜃-Ag3Sn, η-Cu6Sn5
and β-Sn. The dendritic morphology and the orientation relationship between the dendrites and
some of the adjacent 𝜃-Ag3Sn grains confirms that the ɛ 1-Cu3Sn forms first, rather than cooperatively as in the 𝜃-Ag3Sn + ɛ 1-Cu3Sn eutectic. The driving force for the formation of the ɛ 1Cu3Sn dendrites is presumably the concentration of Cu in the liquid, which is far higher than that
at which the eutectic forms. The formation of a phase mixture with a similar composition and
morphology in the 30:70 alloy quenched from 600 ˚C is consistent with this argument.
What is clear is that alloys with these compositions offer an interesting opportunity to
study the characteristics and properties of the 𝜃-Ag3Sn and ɛ 1-Cu3Sn phases without needing to
perform long-term annealing to eliminate metastable high-temperature phases. The only caveat
to such studies would be that the effects of Cu in solid solution in 𝜃-Ag3Sn, and Ag in ɛ 1-Cu3Sn,
would need to be taken into account.

5.1.6 Summary
The solidification microstructures and phase transformations in (Ag,Cu)3Sn alloys with
Ag:Cu ratios of 50:50, 40:60 and 30:70 have been studied using XRD, electron microscopy and
DSC techniques. The main findings of this work are:
1. The as-cast microstructures contain mainly the 𝜃-Ag3Sn and ɛ 1-Cu3Sn phases with a
little η-Cu6Sn5. No metastable high-temperature phases or segregation was observed.
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2. The DSC data obtained upon heating at 10 ˚C/min revealed three invariant processes:
one at 355 ˚C corresponding to η à ε1 + liquid; one at 482 ˚C corresponding to 𝜃 à ε2-Ag5Sn
+ liquid; and one at 531 ˚C corresponding to congruent melting of ε1 + ε2. A compositiondependent fourth process corresponding to melting of primary ɛ 1.
3. Samples quenched from 400 ˚C contained 𝜃 and ɛ 1 grains but no η phase.
4. Samples quenched from 500 ˚C contained coarse 𝜃 and ɛ 1 grains plus a complex phase
mixture of ε1, ε2, η and β-Sn.
5. Samples quenched from 545 ˚C contained coarse angular ɛ 1 grains plus a fine eutectic
mixture of 𝜃 and ε1.
6. Samples quenched from 600 ˚C exhibited more diverse microstructures. The 50:50
alloy sample contained fine ɛ 1 grains plus a eutectic mixture of 𝜃 and ε1. The 40:60 alloy sample
contained fine feathery ɛ 1 grains with interdendritic 𝜃, η and β grains. The 30:70 alloy sample
contained coarse ɛ 1 grains plus a refined version of the phase mixture in the 40:60 alloy sample.
The absence of the ε2 phase in all but the samples quenched from 500 ˚C was accounted
for on the basis of the nucleation of this phase being suppressed upon cooling giving instead
eutectic 𝜃 and ε1, and other phase mixtures. These 𝜃 and ε1 phases are thus formed far more
readily than in the corresponding binary alloys, making these ternary compositions good model
systems for studying the phases.
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Figure 5.1 XRD data obtained from as-cast samples of the alloys: a 50:50; b 40:60; c 30:70.
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Figure 5.2 Representative BSE SEM images obtained from as-cast samples of the alloys: a
50:50; b 40:60; c 30:70.
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Figure 5.3 Plots of DSC heat flow data obtained as-cast alloy samples at a heating rate of 10
°C/min.
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Figure 5.4 Representative BSE SEM images obtained from 50:50 alloy samples quenched to
room temperature from: a 400 °C; b 500 °C; c 545 °C; d 600 °C.
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Figure 5.5 S/TEM data obtained from the complex phase mixture in the 50:50 alloy sample
quenched from 500 °C: a BF STEM image; b-d compositional maps obtained from the region in
(a) showing the distribution of Ag, Cu, and Sn, respectively; e SADP from region 1 in (a); (f-i)
microdiffraction patterns from regions 2, 3, 4 and 5 in (a), respectively. The patterns in (e-i) are
presented at the same camera length.
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Figure 5.6 S/TEM data obtained from the eutectic micro-constituent in the 50:50 alloy sample
quenched from 600 °C: a BF STEM image; b-d compositional maps obtained from the region in
(a) showing the distribution of Ag, Cu, and Sn, respectively; e SADP obtained from the region
shown in (a); f indexed schematic of the SADP in (e).
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Figure 5.7 Representative BSE SEM images obtained from the 40:60 (a,c,e) and 30:70 alloy
(b,d,f) samples quenched from: a,b 500˚C; c,d 545˚C; e,f 600 ˚C.
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Figure 5.8. S/TEM data obtained from the phase mixture in the 40:60 alloy sample quenched
from 600 ˚C: a BF STEM image; b-d compositional maps obtained from the region in (a)
showing the distribution of Ag, Cu, and Sn, respectively; e,f SADPs from regions 1 and 2 in (a),
respectively; (g) micro-diffraction pattern from region 3 in (a); h SADP obtained from an area
including regions 1 and 2 in (a). The patterns in (e-h) are presented at the camera length.
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Table 5.1 Compositions of the phases in the as-cast alloys measured using EDXS in the SEM.
* The regions of Cu6Sn5 phase in the 30:70 alloy were too small to measure accurately.
Ag3Sn (at %)

Cu3Sn (at %)

Cu6Sn5 (at %)

Alloy #

Ag

Cu

Sn

Ag

Cu

Sn

Ag

Cu

50:50

68.1

4.8

27.1

3.2

73.4

23.4

1.2

55.6 43.2

40:60

68.0

5.2

26.8

3.2

73.6

23.2

1.1

55.9 43.0

30:70

66.1

7.0

26.9

2.7

73.9

23.4

*

*

Sn

*

Table 5.2 Compositions (in at. %) measured using EDXS in the SEM from the microstructural
constituents in the 50:50 alloy samples quenched from set point temperatures, T.
Ag3Sn

Cu3Sn

Phase Mixture

T (˚C)

Ag

Cu

Sn

Ag

Cu

Sn

Ag

Cu

Sn

400

67.1

6.4

26.5

1.5

75.4

23.1

-

-

-

500

69.4

8.2

22.4

2.7

74.1

23.2

37.0 27.3 35.7

545

-

-

-

2.7

74.0

23.3

43.1 29.6 27.3

600

-

-

-

3.3

73.2

23.5

43.8 28.9 27.3
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Table 5.3 Compositions (in at. %) measured using EDXS in the SEM from the microstructural
constituents in the 40:60 and 30:70 alloy samples quenched from set point temperatures, T.
Ag3Sn

Cu3Sn

Phase Mixture

Alloy

T (˚C)

Ag

Cu

Sn

Ag

Cu

Sn

Ag

Cu

Sn

40:60

400

67.8

5.8

26.4

3.4

73.0

23.6

-

-

-

500

69.4

7.4

23.2

2.6

74.1

23.3

28.8 18.4 52.8

545

-

-

-

2.8

74.1

23.1

43.9 28.7 27.4

600

-

-

-

-

-

-

26.8 48.1 25.1

400

66.5

7.3

26.2

3.0

74.0

23.0

500

69.7

7.6

22.7

2.4

74.3

23.3

35.3 22.9 41.8

545

-

-

-

2.8

73.9

23.3

44.5 29.4 26.1

600

-

-

-

2.6

74.4

23.0

27.3 47.9 24.8

30:70
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-

-

-

5.2 Defect Structures and Deformation Mechanisms in Ag3Sn/Cu3Sn Alloys
In the following studies we have considered alloys from the Ag3Sn/Cu3Sn pseudo-binary
system in which one would expect a mixture of the 𝜃-Ag3Sn and ɛ 1-Cu3Sn phases under
equilibrium conditions at room temperature. In Section 5.1 we reported a study of solidification
microstructures in pseudo-binary alloys with Ag:Cu ratios of 50:50, 40:60 and 30:70. In each
case, the microstructures consisted mainly of the 𝜃-Ag3Sn and ɛ 1-Cu3Sn phases with a little ηCu6Sn5, but there were none of the metastable high-temperature phases that are so prevalent in
as-cast structures of the corresponding binary Ag-Sn and Cu-Sn alloys. A combination of
thermal analysis and electron microscopy data was used to show that these microstructures arise
due to the nucleation of the metastable phases being suppressed. Thus it was inferred that the
mixture of low-temperature phases observed experimentally is formed by eutectic-type cooperative growth. Here we present an experimental study on the 50:50 alloy upon aging, and it is
shown that there are unusual defect microstructures formed at the sample surfaces. These defects
are compared with those formed in the alloy under room-temperature compression, and the
consequences of these observations for the deformation mechanisms in these phases are
discussed.

5.2.1 Near-Surface Defect Structures
The effects of aging at 100 ˚C on the Ag3Sn/Cu3Sn alloy microstructures were
investigated by performing heat-treatments in air at 100 ˚C for up to 1000 h. This temperature
corresponds to the conditions used to evaluate accelerated in-service aging for electronic solders
and dental amalgams. The XRD data and SEM images from these samples were
indistinguishable from those obtained from the as-cast alloy, indicating that the phases present
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and the phase distribution in these heat-treated samples are almost the same as compared to the
as-cast alloy. Very few secondary defects (dislocations, stacking faults and twins) were observed
in either the as-cast or the heat-treated alloy samples studied here. However, in separate studies
on the oxidation behavior of this alloy, and the related 40:60 and 30:70 alloys, much higher
densities of defects were observed in regions immediately adjacent to the sample surfaces
(within 10-20 µm of the surfaces). This was revealed most clearly in TEM studies on FIB-cut
cross-sections of the sample surfaces. For brevity we show here only data from the sample
exposed at 100˚C for 1000 h.
Examples of TEM data from this sample are shown in Figure 5.9. A low magnification
BF image is shown in Figure 5.9a, with the protective Pt layer at the top, an Ag3Sn phase region
on the right, and a Cu3Sn phase region on the left. The former region is polycrystalline with a
grain size of a few µm, whereas the latter is a single grain across the field of view (> 10 µm)
with pronounced twin bands across the grain. A higher magnification BF image of the region
where the Ag3Sn / Cu3Sn boundary intersects the original sample surface (i.e. the region
delineated by the white box in Figure 5.9a) is shown in Figure 5.9b. There is no clear evidence in
such images (or in corresponding ZAPs such as Figure 5.9e) of an oxide scale, or any other new
phases, at the original surface of the Ag3Sn phase. For the Cu3Sn, however, a distinct surface
oxide layer was observed that varied in thickness from 20-100 nm. The coarse twins within the
Cu3Sn appear to emanate from the surface layer, although in images obtained under slightly
different diffraction conditions (e.g. Figure 5.9c) it is clear that there are also finer twins on other
habit planes lying between the coarser twins. The character of the twins was revealed in [111]
ZAPs from the Cu3Sn grain, such as Figure 5.9f. The coarse twins also give rise to [111] ZAPs in
this orientation, and the relative position of the matrix and twin reflections in such patterns are
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consistent with these being {011}-type twins. No twins are observed in most regions of the
Ag3Sn phase, and instead there is complex strain contrast consistent with the presence of a high
density of dislocations. The only clear example that we have observed of a twin in the Ag3Sn
phase is shown in Figure 5.9d. In this case there is a twin in the Cu3Sn which is oriented
approximately perpendicular to, and appears to propagate across, the Ag3Sn/Cu3Sn interface. The
[001] ZAP obtained from this region (Figure 5.9g) shows that this is a {110}-type twin. Since
the D0a structure is orthorhombic, such twins are crystallographically inequivalent to those
observed in the Cu3Sn phase.
We note that near-surface defects were observed in all of the cross-sectional TEM
specimens that we examined from the heat-treated/oxidized samples, but not in the specimens
from the as-cast materials. Since the surfaces of all of the samples were prepared in the same
way, this indicates that the near-surface defects are generated during heat-treatment/oxidation
and are not specimen preparation artifacts.

5.2.2 Defect Structures Formed During Deformation
The defect microstructures observed near the surfaces of the heat-treated samples
resemble deformation debris: there are lenticular {011}-type twins on both planes of this type in
the Cu3Sn, high densities of dislocations in the Ag3Sn, and occasional twins that appear to
propagate across the heterophase interfaces from the Cu3Sn into the Ag3Sn (albeit on a
crystallographically inequivalent composition plane). In an attempt to investigate whether the
differences in defect structures between the two phases represent different preferred deformation
micro-mechanisms, samples of the alloy were deformed in compression to a target strain value of
1%. In each case, the samples underwent brittle failure before this level of strain was achieved.
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As such, the level of plastic strain in the samples was rather ill-defined. Nonetheless, TEM
specimens cut from the center of the failed samples perpendicular to the loading direction did
yield some useful information, as shown in Figure 5.10. The Ag3Sn phase in such specimens
contains a high density of dislocations, but no twins (Figure 5.10a). We were not able to perform
a more detailed analysis on the character of these dislocations due to complications from the
Ag3Sn grain size, the dislocation density, and the complexity of the diffraction contrast from the
D0a structure. Conversely, the Cu3Sn phase contained very few dislocations but significant
numbers of twins. In the region shown in Figure 5.10b, there are twins on two different planes
marked 1 and 2. The corresponding [100] ZAPs are shown in Figure 5.10c and d, respectively.
These diffraction data show that both twins are {011}-type, i.e. these twins are formed on
crystallographically equivalent systems in the D0a structure.

5.2.3 Discussion
The heat-treated samples exhibited high densities of secondary defects in the regions
adjacent to the surface; there are high densities of {011}-type twins in the Cu3Sn phase and
dislocations in the Ag3Sn phase. These defects are not observed away from the surface in these
samples, nor are such features found at the surface in unexposed samples. Thus, it seems likely
that these defects have been formed in response to surface stresses generated during the
exposure, rather than being an artifact of specimen preparation.
There have been several indentation studies performed on the mechanical behavior of the
D0a phases Cu3Sn and Ag3Sn [159,188,217-220], and the general conclusion is that the former
phase is significantly harder than the latter. For example, Chromik et al. [217] obtained hardness
values of 6.2 GPa and 2.9 GPa, respectively for these phases. However, there has been very little
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work on the deformation mechanisms in these two phases, or on the character of the secondary
defects involved. Early work by Fairhurst and Cohen [184] suggested that Ag3Sn may deform by
{011}-type twinning, and Ghosh [220] also suggested that twins may form around indentations
in this phase. We are not aware of any corresponding observations of defect structures in Cu3Sn,
and this phase is generally described as undergoing brittle failure rather than exhibiting
plasticity.
Our attempts to perform deformation mechanism studies by producing compression
specimens with specific levels of plastic strain were unsuccessful; all specimens failed in a brittle
manner before the target strain value was achieved. We note, however, that TEM analyses of
defect debris in foils produced from the failed specimens (e.g. Figure 5.10) did show similar
defect types to those found in the near-surface regions of the aged samples. Thus, the Ag3Sn
phase contained high densities of dislocations but no deformation twins, whereas the Cu3Sn
phase contained well-defined deformation twins and very few dislocations. Although the overall
strain to failure in this sample was < 0.5%, the dislocation densities were still too high for
diffraction contrast analyses of the Burgers vectors to be performed. This is presumably because
the plastic strain in such samples is concentrated in the softer Ag3Sn phase. We were, however,
able to analyze the twins present in the Cu3Sn phase. In each case these were {011}-type twins,
and in each Cu3Sn grain examined there were twins on both of the {011} planes. We note that
the D0a structure is an ordered orthorhombic A3B form of the hexagonal close-packed (HCP)
structure. The {011} planes in the D0a structure lie parallel to {1012} in the parent HCP
structure. It is well established that {1012}-type compound twins are one of the most common
deformation modes for HCP metals [275,276]. The active twin systems are clearly affected by
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the D0a order because we observe {011}-type twins in the Cu3Sn, but not {211}-type (which
would also be equivalent to {1012} in the parent HCP structure).
What is less clear is why twinning is the active deformation mode in Cu3Sn but not in the
iso-structural phase Ag3Sn. This could be related to differences in the Peierls stresses and/or
stacking fault energies in the two phases, but further experimental work and appropriate
computations would be required to resolve this issue. Moreover, our observations are not
consistent with previous reports of twinning as a major deformation mode in Ag3Sn [184,220].
This could be related to the presence of Cu in solid solution for the Ag3Sn phase in our samples,
but here again further work is required to resolve this issue.

5.2.4 Summary
The microstructural development in an alloy with nominal composition 37.5% Ag, 37.5%
Cu and 25% Sn (atomic %) has been studied using a combination of scanning and transmission
electron microscopy techniques. Overall, the densities of secondary defects in the alloy
microstructures were very low. For the alloy samples after heat treatments at 100 ˚C for up to
1000 h, however, there were much higher densities of defects in the near-surface region in both
Ag3Sn and Cu3Sn phases. These defects were high densities of dislocations in the Ag3Sn phase
and well-defined {011}-type twins in the Cu3Sn phase. Attempts to investigate deformation
mechanisms by performing compression tests to target strains were thwarted by premature brittle
failure. Nonetheless, TEM data from the failed samples revealed the same defect types in the two
iso-structural phases: the formation of dislocations in the Ag3Sn phase and {011}-type twins in
the Cu3Sn phase. These data give some insight into the different defects involved in the
deformation of the iso-structural 𝜃-Ag3Sn and ɛ 1-Cu3Sn phases.
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Figure 5.9 Examples of cross-sectional TEM data from the surface of the alloy heat treated at
100 ˚C for 1000 h: a BF image of the overall surface microstructure, b enlarged view of the area
marked with the white box in a. c BF image of twins in the Cu3Sn phase, d BF image of a phase
boundary, e SADP from the Ag3Sn phase, f SADP pattern from the Cu3Sn phase showing twin
reflections. g SADP from the Ag3Sn phase region shown in d with reflections from the isolated
twin in this area.
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Figure 5.10 Examples of TEM data from the as-cast alloy after deformation to brittle failure in
compression: a BF image from a mixed phase region showing dislocations in the Ag3Sn, b BF
image from a Cu3Sn phase region showing two twin variants, c SADP from Twin 1 in b, d
SADP from Twin 2 in b.
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5.3 Defect Structures in Pure Ag3Sn Alloys
In this section a TEM study on the character of defects in Ag3Sn single crystals prepared
by the solution growth method (e.g. [240]) is presented. It is shown that the crystals contain a
mixture of twins and dislocations, which are present at densities and in configurations that are
suitable for defect analysis in the TEM. While these are probably a combination of grown-in and
deformation-induced defects, along with defects that are artifacts of TEM specimen preparation,
it is proposed that a combination of deformation micro-mechanisms involving these defect types
could help to explain the low yield stress and the extraordinary ductility exhibited by Ag3Sn.

5.3.1 Crystallography
In early studies on Ag3Sn, there was significant controversy regarding the details of the
crystal structure. Initially, the compound was described as being a disordered hexagonal closepacked (HCP) phase by Preston [205]. Subsequently, orthorhombic distortions of the hexagonal
lattice were reported for this disordered structure [207,277], giving a β-TiCu-type structure (a0 =
0.298 nm, b0 = 0.515 nm, c0 = 0.477 nm, space group Cmcm). There has been recent
experimental evidence for the formation of this phase, both as a displacive transformation
product [278] and as chemically synthesized nanoparticles [279]. The general consensus is,
however, that the equilibrium form of Ag3Sn is the ordered orthorhombic D0a Cu3Ti-type
structure (a0 = 0.597 nm, b0 = 0.478 nm, c0 = 0.518 nm, space group Pmmn), as first reported by
Fairhurst and Cohen [184]. In a recent high-resolution X-ray powder diffraction study by Rossi
et al. [208], Rietveld analysis was used to refine the structural parameters for Ag- and Sn-rich
Ag3Sn crystals. The results were broadly consistent with the findings of Fairhurst and Cohen, but
the lattice parameters of the orthorhombic D0a unit cell were slightly different. Significantly, the
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values obtained were consistent with the sense of the orthorhombic distortion being reversed.
Using the convention defined by Burkhardt and Schubert [182], both the Ag- and Sn-rich Ag3Sn
crystals studied by Rossi et al. [208] exhibit κ-type distortions, whereas the parameters reported
by Fairhurst and Cohen [184] correspond to a λ-type distortion. These distortions correspond to
an expansion or contraction along the major axis of the orthorhombic unit cell, respectively. We
note that due to a difference in the choice of the axes for the unit cell, the major axis is
designated a in Fairhurst and Cohen [184], whereas it is b in Rossi et al. [208]. In the remainder
of this dissertation, all axis designations and indices are with respect to the unit cell defined by
Fairhurst and Cohen [184]. The relationship between the orthorhombic D0a unit cell and the
undistorted disordered HCP unit cell is shown in Figure 5.11. The individual unit cells are shown
in Figures 5.11a and 5.11c, respectively, and Figure 5.11b is a representation of a HCP unit cell
within two D0a unit cells. In this orientation, the unit vectors of the D0a unit cell: [100], [010]
and [001] are equivalent to the vectors 2/3 [1210], [0001] and [1010], respectively in the HCP
co-ordinate frame.

5.3.2 Deformation Twins in Ag3Sn
Figure 5.12 is a BSE SEM image obtained from a typical area of a (001) facet on a Ag3Sn
single crystal. The orientations of the [100], [010] and [001] axes of the D0a crystal structure are
indicated in the figure. Such images reveal the presence of two interpenetrating sets of twins.
The first of these, here designated as Set 1, are oriented vertically in Figure 5.12, and are up to
10µm wide. The second, designated as Set 2, are inclined at ~30˚ to Set 1 in Figure 5.12, and
these bands were much thinner (usually less than 1 µm wide). Both sets of twins appear lighter
than the dark matrix background, presumably because the electron beam channels strongly down
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the [001] axis of the matrix giving a smaller backscattering coefficient than for the twins which
have higher index directions parallel to the beam. We note that occasional twins in Set 2 appear
darker than the surrounding matrix, but the images of these darker twins suggest that there is
some topographic contribution to the contrast, possibly due to the accumulation of oxides or
other surface debris at these locations.
The crystallography of the two sets of twins was investigated by performing imaging and
diffraction analyses on FIB-cut cross-sectional TEM specimens through the (001) facet surface.
Samples were cut with the plane of the section perpendicular to the traces of the two sets of
twins. Examples of these data are presented in Figure 5.13. The bright-field (BF) TEM image in
Figure 5.13(a) shows a typical region containing a twin from Set 1 with a width of about 680 nm.
The selected area diffraction pattern (SADP) shown in Figure 5.13(b) was obtained with the
selected area aperture covering the region shown in Figure 5.13(a). As shown in Figure 5.13(c)
the pattern in Figure 5.13(b) corresponds to the overlay of [100] zone-axis patterns (ZAPs) from
the matrix and the twin. The reflections in the 0 n n row are common to both the matrix and twin
patterns, and thus the twin plane is (011). The orientation of the crystal surface normal, which is
parallel to [001] direction in the matrix, is labeled in Figure 5.13(a) for reference. We note that
there is a high density of long, straight, paired dislocations in the matrix region. The strain
contrast is more complex in the twinned region, but similar straight paired dislocations were also
observed, and these are oriented approximately perpendicular to those in the matrix.
Examples of twins from Set 2 are shown in the BF TEM image in Figure 5.13(d). The
area shown in the image is divided by the twin boundaries into the following five regions from
top right to bottom left: a matrix region, a very thin (approximately 20 nm wide) twin, a 370 nm
wide band of matrix, a 460 nm wide twin, and a region of matrix in the lower left corner. For
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clarity, the matrix regions are marked “M” and the twins are labeled “T”. Here again, the surface
normal, i.e. the [001] direction in the matrix, is marked on the figure for reference, and we note
that the specimen was aligned so that the surface normal is parallel to that for the specimen
shown in Figure 5.13(a). The SADP obtained from the area in Figure 5.13(d) is shown in Figure
5.13(e). As shown in Figure 5.13(f), the pattern in Figure 5.13(e) corresponds to the overlay of
[120] ZAPs from the matrix and the twins. The reflections in the 2n n n row are common to both
the matrix and twin patterns, and thus the twin plane is (211). Like the sample shown Figure
5.13(a), the region in Figure 5.13(d) also exhibits complex strain contrast consistent with the
presence of dislocations both in the matrix and in the twinned regions.

5.3.3 Dislocations in Ag3Sn
A series of diffraction contrast experiments was performed to investigate the character of
the dislocations present in the single crystals. These analyses were performed on FIB-cut crosssections through the (001) facets on the crystals. Firstly, cuts were made parallel to the [010]
direction in the matrix so that the plane of the section was (100) (i.e. the surface normals of these
cross-sections were [100]). For brevity, in the text below we refer to these as the (100)M crosssections. Secondly, cuts were made into the Set 1 twins parallel to the [100] direction in the
matrix; this corresponds to the [100] direction in the twin, so that the plane of the section was
(001). We refer to these as (001)T cross-sections.
The character of the dislocations was firstly determined by weak beam dark field
(WBDF) imaging, and examples of such images from a (100)M cross-section is presented in
Figures 5.14(a)-(c). These three images were obtained from approximately the same area on the
cross-section with the sample oriented for g/4g with g = 040 (s ≈ 0.263 nm-1), g/3g with g = 203
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(s ≈ 0.112 nm-1), and g/3g with g = 004 (s ≈ 0.149 nm-1), respectively, where g is the reciprocal
lattice vector of the diffracting planes and s is the deviation parameter. There are long straight
dislocations visible in Figure 5.14(a). These are aligned parallel to [001] and extend for several
µm across the sample. An estimate of the average dislocation density, ρ, based on such images
gives ρ = 109-1010 cm-2. These dislocations are out of contrast in Figure 5.14(b), and show only
weak residual contrast in Figure 5.14(c). Thus, the direction of the Burgers vector, b, for these
dislocation segments was determined on the basis of the invisibility criterion, gb = 0, as b //
[010]. Since the line direction is [001], these are edge dislocations. This is consistent with the
crystal deforming on the [010](100) slip system. We note that most of these long dislocation
segments were present as pairs, with a separation of up to 30 nm. To determine if these paired
dislocations are partial dislocations or dislocation dipoles, BF TEM images were obtained with
±g = 040 from the same region, and examples of these are presented in Figure 5.15. It can be
seen that there is a significant change in the spacing of these dislocation images upon reversing
the sign of g. Thus, the pair of dislocation images at the top of the field of view are closer
together in Figure 5.15(a) than in Figure 5.15(b), whereas the opposite is true for the pair of
dislocation images at the bottom of the field of view. This corresponds to the inside/outside
contrast effect that is characteristic of dislocation loops or dipoles where the images for segments
of opposite sense lie on the opposite side of the dislocation core [280,281]. Clearly, these
features are not dislocation loops, and so they correspond to dipoles rather than pairs of partial
dislocations bounding some sort of fault.
There is a second set of dislocation segments in these regions, which lie approximately
perpendicular to the long dipoles. The morphology of these features is revealed more clearly in
BF images such as Figure 5.16. They exist as shorter segments (i.e. they are inclined to the plane
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of the specimen), they are more curved, and they exhibit broader, more complex dislocation
images suggesting that they may be extended/dissociated. A rough estimate of the average
dislocation density based on such images gives ρ = 109-1010 cm-2, which is similar to that for the
long dislocation dipoles. It was not possible to obtain two clear invisibilities for these defects
using the different diffraction conditions available within the range of goniometer tilts for this
specimen orientation, but we note that these segments are out of contrast for g = 040 (Figure
5.14(a)), but not for g = 203 or g = 004 (Figures 5.14(b) and (c)). Thus, we infer that these
segments have b // [u0w], where u/w ≠ -3/2, and w ≠ 0.
Similar analyses were performed on the dislocations in the (001)T cross-sections, and a
selection of the images is shown in Figures 5.17-5.19. Figures 5.17(a)-(c) are WBDF images
were obtained from approximately the same area on the cross-section with the sample oriented
for g/4g with g = 040 (s ≈ 0.263 nm-1), g/3g with g = 400 (s ≈ 0.113 nm-1), and g/3g with g = 402
(s ≈ 0.150 nm-1), respectively. Here again there are long, straight pairs of dislocations, but in this
sample they are aligned parallel to [100] and the average dislocation density ρ = 108-109 cm-2,
which is about an order of magnitude smaller than that in the matrix. These dislocations are out
of contrast in Figure 5.17(b), and show only weak residual contrast in Figure 5.17(c), so once
again they are edge dislocations with b // [010]. This would be consistent with the crystal
deforming on the [010](001) slip system within the Set 1 twins. Here again, BF TEM images
obtained with ±g = 040 from the same region (Figure 5.18) exhibit pronounced inside/outside
contrast revealing that these dislocation pairs are dipoles.
In these (001)T cross-sections there are also additional shorter dislocation segments lying
approximately perpendicular to the long dipoles. These are revealed in the WBDF images in
Figures 5.17(b) and (c). We note that these shorter segments appear very different in the two
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images, and that some of the segments appear to be out of contrast with g = 402 (Figure 5.17(c)).
A possible explanation for this is suggested by the contrast in Figure 5.19, which is a BF image
obtained from this area using g = 400. The long straight dipoles show only weak residual
contrast in this image, but the shorter segments show two different types of contrast. Some of
these segments appear as loops, which are elongated parallel to [010] and exhibit strong contrast.
The most likely explanation is that these loops lie on the inclined planes {201}, but we were not
able to verify this because to do so would require tilting about [010] wherein it would not be
possible to obtain images under the same diffraction conditions. Some of the other segments in
this orientation appear to show only weak residual contrast. In this light, a careful re-examination
of images such as Figures 5.17(b) and (c) leads to the conclusion that some segments are in
contrast with g = 400 but out of contrast with g = 402, whereas for other segments the reverse is
true. These segments would therefore have b // [102] and b// [001], respectively. It is interesting
to note that both of these directions fulfill the criteria established for the Burgers vectors of the
shorter dislocation segments in the (100)M cross-sections. Thus, those segments could also be a
mixture of dislocations with b // [102] and b// [001], but we have not been able to verify this
possibility in the current study.

5.3.4 Discussion
It is noted that there is very little published work on the defects and deformation
mechanisms in the D0a intermetallic compound Ag3Sn, despite the interesting mechanical
properties that this compound exhibits. There are many factors that may contribute to this
situation. Firstly, the compound is usually formed as finely-divided particles or thin layers in
more complex microstructures, and the complex phase equilibria in the Ag-Sn system make the
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production of pure stoichiometric single-phase material rather challenging. Secondly, when
single phase material is formed, it is rather soft and difficult to handle without inducing defects
unintentionally, and so the unambiguous identification of deformation-induced defects, as
opposed to those from other sources, is far from straightforward. Thirdly, the compound exhibits
a crystal structure of rather low symmetry, which both complicates defect analysis and makes the
low yield stress and high ductility particularly difficult to explain.
In this section, we have built on the prior experience at Ames Laboratory [237-239] to
produce high-quality Ag3Sn single crystals. While these crystals are very soft and ductile,
leading to the possibility of defect generation via several different routes, the twins and
dislocations present in these crystals are at densities and in configurations that are suitable for
defect analysis in the TEM. We have used a combination of FIB cutting to obtain cross-sectional
specimens, and TEM-based imaging and diffraction experiments to analyze the defects. In
contrast to previous studies [184], we find a combination of different twins and dislocations in
each of the areas examined. In the following discussion, we consider the possible origins of each
of the defect types and the extent to which they can contribute to the plasticity of the compound.
We consider firstly the two types of twins observed in this study: {011}-type and {211}type. Since these twins are observed by SEM on the single crystal surfaces, they must be present
prior to TEM specimen preparation. Moreover, both types of twins exhibit the characteristic
lenticular morphology that one would expect for deformation twinning, rather than the more
planar interfaces that are typical of growth twins. As such, these must be deformation-induced
features introduced during the centrifugation and/or subsequent handling steps. We note that
{011}-type twins were reported in the early studies on Ag3Sn by Fairhurst and Cohen [184], and
an isolated example of an {110}-type twin was observed in our previous work on Ag3Sn/Cu3Sn
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pseudo-binary alloys. As far as we are aware, {211}-type twins have not been reported
previously in Ag3Sn, but twinning of this type has been observed in some other D0a phases, such
as Ni3Nb [282,283]. Since the D0a structure is an ordered orthorhombic A3B form of the HCP
structure, it is informative to compare the twinning systems observed in Ag3Sn (and indeed in
other D0a phases) with those which occur commonly in HCP metals. For the lattice
correspondence shown in Figure 5.11, {011}-type and {211}-type twins in the D0a structure are
equivalent to {1012}-type and {1011}-type twins in HCP. Both of the latter twin types are
common compound twins (all twinning elements are rational) in HCP metals [275,276]. We note
that the ordering and/or orthorhombic distortion must play a role in determining which twin
types occur since, for example, {012}-type twins in the D0a structure would also be equivalent to
{1011}-type twins in HCP, but {012}-type twins have not (as far as we are aware) been reported
in Ag3Sn. This cannot simply be related to the stoichiometry of the composition plane since
neither {011} nor {211} are stoichiometric planes in the D0a structure. Under these
circumstances it is presumably the effect of ordering upon the associated twinning shuffles that
dictates which twin systems will operate, but further work is required to clarify this issue. Lastly,
we note that the two types of twins appear to interpenetrate with ease; there are clear
displacements of the {011}-type twin boundaries at the positions where these are intersected by
the {211}-type twins in images such as Figure 5.12. Thus, the operation of different deformation
twinning systems in Ag3Sn does not compromise the ductility in the way that twin intersections
do in many other materials [275,276,284,285].
Next, we consider the different types of dislocations observed within the TEM samples.
The measured dislocation densities are in the range ρ = 108-1010 cm-2, which far exceed those
which could be expected for grown-in dislocations, so it is tempting to assume that these defects
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are also deformation debris. The most striking feature of the dislocation sub-structure is the
presence of long straight dislocation dipoles parallel to the sample surface in both the (100)M and
(001)T cross-sections. In both cases b // [010], and since [010] is the shortest lattice translation
vector in the D0a structure, we presume that b = ±[010]. Since these dislocations are in almost
pure edge orientations, the slip systems operating would be [010](100) and [010](001) in the
(100)M and (001)T cross-sections, respectively. There are two main problems with this
explanation. Firstly, if the dipoles in the matrix were to form by glide processes, then the
dislocations would need to slip on [010](100) until they met a segment of the opposite sense
propagating in the other direction. Given the geometry of the crystal used, this would require that
the segments glide up to 1mm or more in from the crystal edges, which is simply implausible.
Similarly, for the dipoles observed in the {011}-type twins, the segments would need to glide in
from the top and bottom surfaces of the crystal. A much more plausible explanation is that the
dipoles observed in the (100)M and (001)T cross-sections are actually specimen preparation
artefacts caused by dislocations with b = ±[010] climbing into the specimen from the FIB-cut
surfaces under the influence of ion-beam-induced vacancies. While this does not mean that
dislocations with b = ±[010] could not contribute to plastic deformation by glide on (100) and/or
(001), we note that dislocations with these Burgers vectors have not been reported previously in
deformed D0a phases such as Ni3Nb [282,286,287]. Moreover, there are also no reports of
equivalent slip systems ([0001]{1210} and [0001]{1010}) operating in disordered HCP crystals.
For the other dislocation segments, the situation is rather different. In the (001)T crosssections there are segments with b // [102] and b// [001], and there is partial evidence to indicate
that segments with the same Burgers vectors are present in the (100)M cross-sections. Although
the Burgers vectors [102] and [001] are larger than [010] (much larger in the former case), there
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is evidence for systems with such Burgers vectors operating in the plastic deformation of other
D0a compounds. Thus, the slip systems <10 2 >{201}and [001](010) have been reported
previously in Ni3Nb [282,286,287]. Given the magnitudes of the Burgers vectors (1.196 nm for b
= <102> and 0.518 nm for b = [001] in Ag3Sn), it is highly likely that these would dissociate,
and indeed there is some evidence for this in the diffraction contrast images. In the case where b
= [001], a simple dissociation into two super-partials with parallel Burgers vectors bounding an
anti-phase boundary (APB) might suffice:
[001] ⇒ ½ [001] + APB + ½ [001]
In the case where b = <102>, however, the magnitude of the Burgers vector would probably
require a more complex dissociation involving super-lattice stacking faults (SSFs) such as:
[102] ⇒ ¼ [102] + SSF + ¼ [102] + APB + ¼ [102] + SSF + ¼ [102]
This hypothetical four-way dissociation is the simplest arrangement that we can envisage, but
much more complex configurations with non-parallel Burgers vectors are possible. Further work
is underway to investigate the possibilities.
While there is some uncertainty about the origins of some of the dislocations observed
here, and about the dissociation of some others, it is clear that there are at least two independent
twinning systems and two types of dislocations forming in these single crystals. Thus, the reason
for the extraordinary ductility exhibited by Ag3Sn could be the simultaneous operation of
twinning and dislocation glide mechanisms giving the necessary number of independent
deformation modes to accommodate any arbitrary plastic strain. Clearly, this would require that
the stresses required for twin formation and those required for the nucleation and propagation of
the dislocations should be similar, and calculations are underway to determine if this is the case.
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5.3.5 Summary
Stoichiometric single crystals of the D0a compound Ag3Sn have been grown from Sn-rich
Ag-Sn melts via controlled cooling and centrifugal decanting. The crystals were extremely soft
and deformed somewhat during both decanting and subsequent handling. The character of the
defects induced in one such crystal has been studied using a combination of scanning and
transmission electron microscopy techniques. The main findings of these studies were:
1. The crystal contained two distinct sets of interpenetrating lenticular twins: thicker
{011}-type twins and thinner {211}-type twins. These correspond to the common {1012}-type
and {1011}-type compound twins in the disordered parent HCP structure, but not all variants of
these twins are observed, which suggests that the A3B ordering to the orthorhombic D0a structure
has a strong influence on variant selection.
2. The crystal contained long straight dipoles of edge dislocations with b = ±[010] both in
the un-twinned matrix and within the thicker {011}-type twins. The orientation of these long
segments parallel to the TEM specimen surface in each case indicates that these are specimen
preparation artefacts that have climbed into the sample from the FIB-cut surface rather than
gliding into the crystal during deformation.
3. Shorter segments of dislocations with b = [102] and [001] are also present in the TEM
samples. These defects exhibit complex contrast, which may correspond to dissociation into
superpartials, as one might expect for dislocations with such large Burgers vectors.
The co-existence of twins on two different systems and dislocations segments with two or
more different Burgers vectors may help to explain the unusual ductility exhibited by Ag3Sn. If a
combination of these defects were to form concurrently during deformation, then they could
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provide the necessary number of independent deformation modes to accommodate an arbitrary
plastic strain.
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Figure 5.11 (a) Orthorhombic unit cell of the D0a structure for Ag3Sn; (b) Relationship between
the D0a and HCP unit cells; (c) Disordered HCP unit cell.

Figure 5.12 BSE SEM image obtained from the (001) facet surface of a deformed Ag3Sn single
crystal, revealing the presence of two sets of twins. The orientation of the primary axes for the
D0a crystal structure in the matrix regions are indicated.
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Figure 5.13 TEM data obtained from FIB-cut cross sections through twins in (a-c) Set 1 and (de) Set 2. (a,d): BF TEM images. (b,e) SADPs from the areas in (a) and (d), respectively. (c,f)
indexed schematics of the patterns in (b) and (e), respectively. The SADPs in (b) and (e) are
presented at the same camera length.
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Figure 5.14 WBDF TEM images obtained from a (100)M cross-section using: (a) g = 040, g/4g
conditions, beam direction close to [100]; (b) g = 203, g/3g conditions, beam direction close to
[302]; (c) g = 004, g/3g conditions, beam direction close to [100].
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Figure 5.15 BF TEM images of the long dislocation segments in a (100)M cross-section showing
inside/outside contrast on reversing g (±040), s is large and positive for both images.

Figure 5.16 BF TEM image obtained with g = 004 (s is large and positive), showing the
morphologies of the shorter dislocation segments.
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Figure 5.17 WBDF TEM images obtained from a (001)T cross-section using: (a) g = 040, g/4g
conditions, beam direction close to [100]; (b) g = 400, g/3g conditions, beam direction close to
[001]; (c) g = 402, g/3g conditions, beam direction close to [102].
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Figure 5.18 BF TEM images of the long dislocation segments in a (001)T cross-section showing
inside/outside contrast on reversing g (±040), s is large and positive for both images.

Figure 5.19 BF TEM image obtained with g = 400 (s is large and positive), showing the
morphologies of the shorter dislocation segments.

194

Chapter 6: Conclusions and Suggestions for Future Work
6.1 Conclusions
The work described in this dissertation has helped to develop a more comprehensive
mechanistic understanding of the performance characteristics, degradation and failure modes for
the current generation of Ag/W contact materials used in residential electrical circuit breakers.
Thus, these studies will contribute to the community’s understanding of the structure-processingproperty-performance relationships for Ag/W circuit breaker contacts.
The baseline microstructures of Ag/W circuit breaker contacts from the contact surface,
contact interior to the braze joints have been examined. The microstructures and electrical
properties of these circuit breaker contacts subjected to standardized UL testing and extended
aging tests have been investigated, and these tested contacts exhibit different microstructural
characteristics and performances from the as-manufactured contacts. It is important to note that
while we have reported dramatic changes in the structure, morphology and properties of the
Ag/W contacts during these standard tests, all of the contacts studied here passed the tests. Thus,
all of the contacts exhibited the required calibration performance after being subjected to the
standard UL tests and extended aging tests. As such, not only do these observations give a useful
insight into the processes occurring during these tests, but also they demonstrate the remarkable
durability of these circuit breaker contact materials. Any alternate metallic formulations that
might be developed to replace the expensive Ag in these materials will clearly need to match the
properties and performances of the existing materials.
Ag3Sn/Cu3Sn alloys were proposed for use as contact materials in electrical circuit
breakers, and a series of fundamental physical metallurgy studies were conducted to provide a
more comprehensive understanding of the phase equilibria and deformation mechanisms of these
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candidate alloys. The as-cast structures mainly exhibit the equilibrium phases Ag3Sn and Cu3Sn,
and there is no evidence of the metastable high-temperature phases that are so prevalent in ascast structures of the corresponding binary alloys. Solidification microstructures suggest that in
these alloys the equilibrium low-temperature phases are formed directly by eutectic-type cooperative growth, with the nucleation of the high-temperature phases being kinetically limited
upon cooling for these compositions. The near-surface defect structures in Ag3Sn/Cu3Sn alloys
after heat treatments and the defect structures formed in the alloys after compression reveal the
presence of {011}-type twins in Cu3Sn and dislocations in Ag3Sn, suggesting that different
deformation mechanisms are operating in these iso-structural phases. Further studies on Ag3Sn
single crystals indicate that the Ag3Sn phase actually deforms by a combination of twinning and
dislocation motion, which may explain why Ag3Sn can exhibit such extraordinary ductility.
These results will serve as useful background if Ag3Sn/Cu3Sn alloys are considered for use in
circuit breaker applications. Based on these studies, it is also noted that there might be some
limitations when it comes to the real applications of these alloys in electrical circuit breakers. For
instance, the candidate alloys exhibit eutectic constituents with relatively low melting points as
compared to the elements currently used in electrical contacts, such as Ag and Cu. This might
lead to severe contact erosion and contact welding problems during switching and arcing.
Moreover, the Cu3Sn phase is brittle, and this might also be a limitation on the mechanical
behaviors of the candidate alloys in electrical contacts.
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6.2 Suggestions for Future Work
There are several ways in which the detailed microstructural studies presented here on the
currently used Ag/W contacts and the candidate Ag3Sn/Cu3Sn alloys could be extended usefully:
1. The most common composites used in circuit breaker contacts are a combination of a
conductive metal (e.g., Ag or Cu) and refractory materials (e.g., W, WC or Mo). The work
presented in this dissertation includes microstructural studies on Ag/W contact materials, which
is just one example of the composites currently used in circuit breaker contacts. Similar
microstructural studies should also be conducted on the other main types of contact materials to
develop the understandings of the structure-processing-property-performance relationships for
these composites.
2. The microstructural studies presented in this dissertation only consider some limited
environmental exposure conditions (e.g., dry and humid air) for Ag/W contacts. Further studies
considering other exposure conditions (e.g., marine environment, polluted air and desert
environment) could be conducted on Ag/W contacts and other composite contact materials. Such
studies would give a greater insight into the oxidation and corrosion responses of these materials,
and the possible consequences for the electrical and mechanical behaviors.
3. This dissertation describes detailed studies on the phase equilibria, microstructural
stability and deformation behaviors of the candidate Ag3Sn/Cu3Sn alloys. However, there are
many other characteristics that need to be studied if such alloys are to be used in electrical
contact applications. These include the electrical properties (e.g., electrical conductivity and
contact resistance) of the as-cast alloys, and of the alloys after being subjected to different
standard tests and various environmental exposures.
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4. Since the Ag3Sn/Cu3Sn alloys considered here exhibit eutectic constituents, the
melting points are relatively low, and this may lead to poor arc erosion resistance and cause
contact welding problems. These problems may be solved with the addition of other refractory
materials (e.g., W, WC or Mo), so that composite materials could be produced with the
Ag3Sn/Cu3Sn alloys as the matrix and the refractory materials as the reinforcements. The choice
of reinforcing phase, the manufacturing process and the resulting properties of these composites
would all need to be investigated further.
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